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Abstract 
The project has demonstrated the application of liquid chromatography coupled to 
mass spectrometry (LC-MS) for the characterisation of oligolactic acids (OLAs), 
employed as pharmaceutical excipients in metered dose inhalers. 
OLAs proved to be difficult to characterise because of their complexity, which was 
ascribed. to the presence of repeated structural monomeric units and a non-
repeating moiety (the head group). Furthermore, during the course of method 
development the potential presence of degradation products and impurities had to 
be considered for quality control purposes. 
Various LC-MS methods were developed to target both oligomeric distribution and 
head group functionalities of OLAs. 
Liquid chromatography at critical conditions (LCCC), aimed at addressing the 
head group distribution ofOLAs, led to the separation of the cyclic impurities from 
the parent linear molecules. However, to successfully achieve a complete 
characterisation of OLAs, a second separation targeting the oligomeric distribution 
was investigated. 
Hydrophobic and polar interactions and possible solvation effects, which regulate 
RP-HPLC separation mechanisms, proved to be able to offer the selectivity 
necessary to resolve OLAs in terms of their size and their head groups, leading to 
the simultaneous separation between the linear molecules and their cyclic 
impurities and the determination of oligomeric distribution. 
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Chapter \ Intoduction 
1. Introduction 
This research describes \he characterisation of a group of synthetic oligomers 
employed as surfactants in pharmaceutical formulations used in metered dose 
inhalers (MDIs). The compounds investigated are a family of hydrofluoroalkane 
(HFA)-compatible excipients based on oligolactic acid (OLA, Figure 1.1). 
Figure 1.1: Structure of Oligo\actic Acid 
OLAs are biodegradable and biocompatible excipients, which interact with the drug 
to form drug/excipient complexes. These complexes offer advantages in either 
solution or suspensions in sustained release aerosol formulations. Their main 
advantage is a significant increase in the drug delivery efficiency, making MDIs an 
ideal device for the treatment of systemic diseases as well as a variety of diseases of 
the lung. 
The regulatory guidances do not provide specific requirements for the chemical 
characterisation of excipients but it has been proposed that the analytical 
characterisation of OLAs should mimic those of active pharmaceutical ingredients 
(as stated in Q6A of ICH guidelines) [1]. However, oligomeric materials, such as 
OLAs, are difficult to characterise because \hey are not single chemical entities. 
They contain a number (n) of repeated structural groups (monomer units), 
representing regular molar mass differences, and a non-repeating moiety (the head 
group) and sometimes a tail group. 
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The presence of process impurities and related substances further complicates the 
characterisation of OLAs, (see Chapter 1.1 "Oligolactic acids and their importance 
in metered dose inhalers"). Because of the two types of distribution of characteristic 
structural units, OLAs present a property defined by Giddings as 'sample 
dimensionality' [2] (i.e. 'regular structural distribution of sample components'). In 
virtue of this definition OLAs are two-dimensional samples; this definition is of 
fundamental importance for targeting the analysis of the complexity ofOLAs. 
-6-
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1.1. Oligolactic acids (OLAs) and their importance in metered dose 
inhalers (MDIs) 
OLAs are a class of oligomers with a wide molecular weight range. They are derived 
from the oligomerisation ofD,L-lactic acid: 
Figure 1.2: Structure ofD,L-lactic Acid 
Racemic mixtures of D- and L-lactic acids are used as the starting material to avoid 
crystallisation so that the final material is amorphous in order to improve its 
solubility. 
1.1.1. Structural types 
The simplest OLA structure is the free acid (Figure 1.3), which is oligomerised to 
give mixtures of products in the range ofn= 2-100. 
Figure 1.3: Structure ofOLA free acid (0 = 1) 
- 7 -
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During the lactic acid oligomerisation cyclic impurities (Figure 1.4) with different 
ring sizes can also be formed [3]. 
Figure 1.4: Structure ofOLA cyclic impurities (typically n = 6-10) 
The OLAs are then usually derivatised to provide excipients designed to be used as 
suspension aids or solubilising agents in formulations containing HF A propellants. 
Typically, within a suspension aid or a solubilising agent there are two distinctive 
portions. 
A portion of the molecule (known as the 'head group'), which must interact with the 
drug but not with the HF A. In a typical surfactant, the head group is a hydrophilic 
moiety, e.g. PEG, carboxylate and sulfonate. 
The other portion of the molecule (known as the 'tail') must interact with the HF A 
propellant. Typically in surfactants, the tail is a hydrophobic moiety, e.g. fatty or 
alkyl section. HFAs have high dielectric constant and dipole moment and proton 
donor capabilities. Molecules with electron donor capabilities will interact with the 
HFAs, such as ethers, carbonates, amides and esters. OLAs have a high density of 
esters on the backbone, ensuring multiple interactions with the propellant. 
The effects of structural variations in a series of OLAs on their utility as suspension 
(and solubilising agents) in HFA-based MD! formulations were researched by 
Stefely et al [4]. They found that OLAs with an average of 5 to 15 repeat units 
functioned well as suspension aids, leading to improved suspension formulations. 
They also investigated a series of substituents of the head/tail groups, in view of the 
fact that suspension characteristics can be improved by the presence of one or more 
-8-
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head groups and/or one or more tail groups. The simplest OLA structure (the free 
acid) with two head groups (i.e. OH and COOH) is a mediocre suspension agent but 
they demonstrated that acetylation of the hydroxy functionality resulted in a mono-
functional suspension aid (acetyl OLA, or ac-OLA, Figure 1.5), with improved 
suspension qualities: 
Figure 1.5: Structure of acetyl OLA 
Similarly, a propionyl group CH3CH2CO- could be substituted on the hydrogen atom 
of the free hydroxyl to give propionyl-OLA (pr-OLA) (Figure 1.6) [3]: 
Figure 1.6: Structure of propionyl-OLA 
A third substituent was the pyruvyl group, CH3COCO-, which led to pyruvyl-OLA 
(pyr-OLA) (Figure 1.7) [3]: 
-9-
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Figure 1.7: Structure of pyruviyl-OLA 
Stefely et al. also showed that amidation of the carboxylic acid head group with 
glycine provided a further improvement in the formulation quality with several 
drugs [4]. 
When a diamine was reacted with a propionyl OLA, double amidation could take 
place, leading to the formation of diamide diester forms of OLA, (such as OLA-SI) 
(Figure I.S) [3]: 
Figure 1_8: Structure of OLA-81, ethylene bis (propionyl oligolactyl amide) (n = 8-25). 
Because there may be incomplete formation of these derivatives or hydrolysis of the 
esters or amide groups, other impurities may be present in materials being used for 
formulation including chains with terminal free alcohol and acids, such as: pr-OLAs, 
acyl free acid, acetyl free acid and free acid OLAs (Table 1.1). 
- 10-
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Table 1.1: Some typical substituted OLAs and their impurities and degradation products 
Name 
Pr-OLA 
Cyclic 
Free lactic 
acid 
Free 
oligolactic 
acid 
Ac-OLA 
Pyr-OLA 
Diamide 
diester 
Structure 
Hi-o~OH 
o 
3t-o~OH 
0 
~oJy.OH 
~~ 
o H 0 
OLAs Chemical 
entities 
Degradation 
product 
Process impurity 
Degradation 
product 
Degradation 
product 
Degradation 
product 
Degradation 
product 
Main excipient 
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Diamide 
monoester 
1.1.2. Role of OLAs in metered dose inhalers (MD Is) 
Intoduction 
Degradation 
product 
MDIs are drug delivery systems that use gases or highly vo latil e liquid propellants to 
atomize a precisely metered vo lume of a medicinal formulation into particles/ 
droplets, which are small enough to penetrate deep into the pat ient' s lungs. Figure 
1.9 below shows a schematic of a typical MD I configuration. 
Villve 
.) 
" . 
Pia. tic Mouthpiece 
Figure 1.9: Metered dose inhaler configuration. Ref. [4[. 
When an MDI is actuated, the fonnulat ion is atomized into very small droplets, 
which rapidl y decrease in size due to evaporation of the highly volatile formulation . 
For the drug to be delivered efficiently, the droplets must rapidly decrease in size to 
less than 5 microns, in order to penetrate through the oropharynx and into the lung 
[5]. The drug can either be in so lution or as a suspension. Generally, MDls 
- J 2 -
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developed as a solution fonnulation utilise ethanol as a co-solvent to solubilise the 
drug. The advantage of solution MDIs is that the size distribution of the drug 
particles delivered to the patient is significantly smaller than the size of particles 
delivered from typical suspension MDIs [6-8]. Originally chlorofluorocarbons 
(CFCs) were widely used as propellants because of their inertness and low toxicity. 
However, since the introduction of the Montreal Protocol, which limited and then 
banned the use of CFCs even for medicinal purposes, alternative propellants have 
been investigated. The two main groups currently used are hydrocarbons, such as 
pentane, which tends to be used in domestic products such as hairspray and polishes, 
and hydrofluoroalkanes (HFAs), such as 1,1,1,2-tetrafluoroethane (fluorocarbon 
134a) [9]. The introduction of HFAs represented a main challenge for the 
pharmaceutical industry, since many drugs are relatively polar and are only poorly 
soluble in HF As; as a consequence, some drugs need a co-solvent in order to be 
solubilised. 
However, not all drugs can be efficiently delivered using conventional co-solvent-
based solution MDls [5]. This is because the co-solvents, such as ethanol, decrease 
the volatility of the fonnulation, thus decreasing the efficiency of the drug delivery. 
Poorly soluble drugs, or drugs that require a large delivered dose, would require 
large amounts of co-solvent to solubilise the drug and can not be efficiently 
delivered using conventional HFA solution fonnulations. 
HF A MDIs developed as a suspension fonnulation almost always need surfactants to 
obtain acceptable dosing reproducibility due to the rapid flocculation of most drugs 
in HF A propellants [5]. 
Traditional surfactants are not soluble in HFAs and therefore co-solvents are needed 
to solubilise the surfactants, thus leading to the issue of decreased drug delivery 
efficiency. One alternative approach has been to add solubilising agents such as 
- 13 -
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OLAs, which have been shown to provide stable suspension formu lations, with little 
or no co-solvent, and can therefore optimize the drug delivery effi ciency [4, 10, Ill . 
The role of OLAs is to interact with drug molecules to form drug/excipient 
complexes that are highly soluble in HFA propellants because of the electron density 
of the oligomeric ester groups. 
As shown in Figure l.l 0, when a suspension formulation containing OLAs IS 
actuated, the propellant evaporates from the aerosol droplets, leaving a 
homogeneous microsphere composed of drug and OLA. 
Aerosol droRkL 
--
SU~"pension formulation 
-e 
Solution fonnulation 
Figure 1.1 0: Ill-situ genera ted rnicrosph eres 0 11 actllation of MOl. Ref. I t21. 
1.1.3. Analysis of oligolactic acids and lactic acid 
Because of the different chains lengths of the oligomers, and potential presence of 
degradation products and impurities, any of which could alter the physical properties 
of the formulation and hence the efficacy of the MDls, it has been necessary to 
develop methods to detennine not only the total quantity of the OLAs but also thei r 
composition for quality control purposes. A number of analytical techn iques have 
been deployed, including OPC (gel penneation chromatography), HPLC, NMR 
- 14 -
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spectroscopy and MALDI-TOF [3]. However, relati vely few of the methods have 
been published. 
OPC, on a PLgel Mixed-E column with a THF mobile phase, allowed the calculation 
of the % weight of each o li gomer [1 3]. A theoretical di stribution (expected from a 
random condensation reaction of the same average degree of oligomeri sation) was 
compared to the measured data (Figure 1.11 ). A deviation was observed at low 
molecular weights, but the two CillYes overlapped when n> 20 . 
• Actual data 
6.0 
• Theoretical data 
5.0 
;;'< 4.0 
~ 
.<: 3.0 0> 
'(j 2.0 ;: 
1.0 
0.0 
0 20 40 60 
Degree of Oligomerization (n) 
Fig ure 1.11: Theoretical weight % distribution of step-condensation oligomers vs . experimenta l 
data for Ac-OLA-OH, n~ 7.8. Ref. 1131. 
The authors also examined whether OPC would be sensitive to low levels of 
degradation, if hydrol ys is led to a cleavage of the chain, 
In a RP-HPLC (reversed-phase HPLC) investigation, Capecchi et al. [1 3] employed 
a C8 column with an aqueous acetonitrile mobile phase. They fo und that the method 
separated the low molecular weight oligomers, but the resolution was lost as the 
molecular weight increased. Futthermore, the separation was complicated when the 
polymerisation was carried out with increasing proportions of D-Iacti c acid as the 
individual 01 igomer peaks were each separated into stereo isomers (Figure 1.12). 
They concluded that although RP-HPLC allowed characteri sation of Ac-OLA-OH, it 
- 15 -
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would not be suitable for impurity profi ling, since the large number of oligomer 
peaks would reduce the ability to identify impurity peaks. 
' 10 
'10 
~ 
! !l O , 
f 
'" 1-.J\.- -~"-Jr-~ 
50% 0 
25% 0 
. % 0 
,, +-----~------~------~----~------~------r_----~--, 10 
" " 
lO 
" 
10 
Figure 1.12 : RP-HPLC chromatograms o f acetyl oligo-D,L-Iactic acid prepared with varying 
OIL ra tios. Ref. 1131. Mobile phase A: 95% water, 5% MeCN, 0.1 % phosphoric acid. Mobile 
phase B: 5% water, 95% MeCN, 0.1 % phosphoric acid. Mobile phase deliyered in a g radient: 
25 to 60% B in 25 min , then taken to 75% in 25 min and 100%, in 20 min. Flow rate: 1 ml/min ; 
inj ect ion yo lume: 10 fl l; UV: 2 10 nm. Column: Zorbax Cs 250 x 4.6 mm , sflm . 
More recently Capecchi and hi s group [14] deve loped a NP-HPLC (normal-phase 
HPLC) method coupled to MS that enabled the quantitation of OLAs impurities to 
0.05% w/w. The chromatographic method was based on a silica column with 
hexane/ethyl acetate mobile phase and separated Ac-OLA-OH and some of its 
impurities. The compounds not separated chromatographically were separated and 
detected by MS, by virtue of their lmique masses. However, the NP-HPLC method 
did not provide resol ution between ol igomers. 
- 16 -
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Hl_NMR of OLAs enabled Capecchi and co-workers [13] to measure the relative 
proportion of end-groups and repeat units and hence the number average molecular 
weight. The number average molecular weights obtained by NMR were compared to 
the values obtained by GPC. Although a good correlation was observed, the authors 
noted that the GPC values were higher than NMR values. NMR was also used to 
detect potential impurities, such as the pyruvate terminated OLA. However, the 
NMR methodology had low sensitivity and did not allow the quantification of 
impurities at less than about 1% w/w. 
Mass spectroscopic analysis of Ac-OLA-OH showed the presence of series of peaks 
separated by 72 amu, the mass of the lactate repeat unit [13]. The series were 
assigned to Ac-OLA-OH, to their sodium and potassium adducts, and to the 
pyruvate-impurities. Although MS is an invaluable tool for characterisation work, 
the authors concluded that it could not be used to quantify the various species 
present because: 
i. MS methods exaggerate the concentration of low molecular weight species (due to 
variability of ionisation efficiency and volatility of different chemical structures); 
ii the high fragmentation energy can create new species or alter the concentration of 
existing species. 
The OLAs could also be examined by the methods used for the shorter-chain 
members of the polylactides. Staniforth et al. [15] carried out a comparative study of 
three analytical techniques, which could be applied to lactic acid and polylactides, in 
consumer healthcare products. The methods investigated were: ion-exclusion HPLC, 
headspace GC-MS (gas chromatography-mass spectroscopy) and on-column 
injection GC-MS. The headspace GC method employed two coupled columns of a 
non-polar phase and a medium polar phase, to separate methylated lactic acid. The 
methylation conditions were 120°C for 20 minutes, but under these conditions the 
po1ylactides present were converted back to lactic acid. 
- 17 -
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An effective HPLC analysis of lactic acid was described by Cheng and Gadde [16]; 
using two approaches, RP-HPLC with ion pairing and ion-exclusion HPLC. The ion-
exclusion method comprised an amine column and acetonitrile/water mobile phase 
with 3.2 mM phosphate buffer. The method allowed separation of the lactic acid 
peak from the excipient peaks and quantitation oflactic acid. 
Other methods include the use of ion-exclusion HPLC for lactic acid but the 
stationary phase used was polystyrene-divinylbenzene (PS-DVB) [17,18]. 
GC analysis of the lactic acid monomer has required derivatisation (typically using t-
butyldimethylsilyl) or oxidation to acetaldehyde [19-21]. To circumvent 
derivatisation, Heitfuss et al. [22] developed a method using static headspace GC, 
with methylation of lactic acid in the headspace vial; McCalley [23] employed an 
on-column GC method with water/oxalic acid as the sample solvent. 
- 18 -
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1.2. Theoretical aspects and considerations in synthetic oligomers 
analysis 
In polymer chemistry oligomers are loosely defined as compounds consisting of a 
finite number of repeat units (monomers), generally between 10-100 units. As the 
individual molecules vary in the number of monomers, a molecular weight 
distribution (MWD) can be described. When functional groups are present on the 
oligomeric structure, either as end-groups or elsewhere along the backbone, a 
functionality-type distribution (FTD) will be present. Therefore, oligomers are not 
homogeneous chemical species; rather they feature simultaneous MWD and FTD 
[24]. Polymers also feature molar mass distribution (MMD) and copolymers have 
chemical-composition distribution (CCD). For the precise characterisation of 
synthetic polymers (and indeed oligomers), all the different distributions must be 
determined. 
The traditional analytical techniques, such as IR (infrared absorption 
spectroscopy), UV (ultraviolet spectroscopy), NMR (nuclear-magnetic-resonance 
spectroscopy), light scattering and viscometry, can give important information on 
the average of certain polymeric distributions and on the functional groups [25]. 
However, they do not provide any knowledge on the widths and shapes of the 
distributions. Information on the distribution is necessary, since two polymers with 
the same average molecular weight but different distributions can have very 
different properties. Ideally, some form of separation is applied that is sensitive to 
one molecular characteristic only (the effect of other molecular characteristics can 
suppressed). Liquid chromatography, in its many different forms, has been a very 
successful technique for separating polymers and oligomers. For example, size 
exclusion chromatography (SEC) (Section 1.2.1) has been used for the separation 
of oligomers species (in terms of their size) from low molecular weight polymer 
fractions. Interactive chromatography (RP-HPLC and NP-HPLC) allows 
- 19-
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oligomeric separations in terms of chemical and structural features. Other 
chromatographic techniques have been explored for oligomer applications. If the 
oligomers of interest have sufficient thermal stability and are sufficiently volatile, 
then gas chromatography (GC) can be used. Thin layer chromatography (TLC) has 
been evaluated for the separation of oligomers, but it must be said that it is not 
extensively used. A powerful separation method for substances that are not 
amenable to GC analysis is supercritical fluid chromatography (SFC); SFC has 
been employed for oligomer analysis [25]. SFC, TLC and GC will be discussed in 
section 1.2.3, 1.2.4 and 1.3 respectively. 
Multidimensional chromatography, bringing together two of the separation 
methods is being increasingly used for the separation of complex mixtures and the 
analysis of polymers and oligomeric species (where different, mutually dependent 
distributions can be simultaneously addressed) (Section 1.5). 
1.2.1. Size exclusion chromatography (SEC) 
SEC is also referred to as gel-permeation chromatography (GPC), when applied to 
synthetic polymer analysis, or as gel-filtration chromatography (GFC) when 
applied to biopolymer analysis. SEC has been the most commonly applied 
technique for separating macromolecules on the basis of their molecular size, since 
its development in the late 1950s [26, 27]. According to the separation mechanism 
large molecules can be partially or completely excluded from the volume of the 
pores of the column packing materials [28], thus leading to larger molecules 
eluting earlier than smaller molecules. The entropic effect dominates the 
separation process in SEC. 
SEC does not reflect molecular distributions other than indirectly through size; 
differences in chemical composition or functionality will be overlooked. However, 
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the molecular weight range for SEC is usually higher than would be applicable to 
the OLAs (of 1200 to 5000) and will not be considered further for this study. 
For these reasons SEC was not chosen as a potential analytical technique to be 
employed in the course of this research, and no past literature was reviewed. 
1.2.2. Interactive liquid chromatography (LC) 
Interactive LC is based on molecular interactions (adsorption for NP-HPLC and 
partition for RP-HPLC) between the analyte and the mobile and stationary phases. 
For the analysis of oligomers, interactive LC provides better separation selectivity 
and peak capacity than SEC [29]. The retention of polymers (and oligomers) in 
interactive LC usually increases exponentially with the number of repeat units. 
Furthermore, the dependence of retention on the mobile phase composition implies 
that in most cases gradient-elution LC is necessary. In gradient elution [30] a very 
small change in the mobile phase composition has much stronger effect on the 
retention of large molecules than on the retention of small compounds. 
Consequently only a narrow composition range of the mobile phase will provide 
elution of large molecules. The gradient LC of polymers was first introduced in 
1978 by Maeden et al. [31], and since then it has been widely applied to polymers 
and oligomers separations using both aqueous and non-aqueous mobile phases. 
1.2.2.1. Interactive RP-HPLC and NP-HPLC of oligomers 
The application of interactive LC to the characterisation of polymeric/oligomeric 
materials in both reversed-phase [32-39] and normal-phase [40-44] has been 
important during the 1980s and 1990s. Past publications [45-48] showed that in 
reversed-phase separation is mainly in terms of molar mass and in normal-phase is 
mainly in terms of functional groups [49]. 
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Researchers started to realize that it could be possible to obtain simultaneous 
information on the average molecular structure as well as on the underlying 
distributions of polymers and oligomers if multidimensional separations were 
applied. 
In 1990 Glockner and Barth [50] applied interactive, gradient LC to SEC-
fractionated samples, achieving characterisation of copolymers. They found that 
without pre-fractionation, the copolymers were not baseline resolved. Their work 
was prompted by Balke and Patel [51, 52], who carried out pre-fractionation by 
SEC, followed by a second SEC separation. These were early examples of 
multidimensional separations. Since its beginning, multidimensional LC has 
gained increasingly popularity and it has certainly become the selected 
methodology for polymer analysis (Section 1.5). 
Jandera proposed the use of several equations to describe the simultaneous 
dependence of retention on both mobile phase composition and the degree of 
polymerisation [53-60]. From these equations, the contributions of the polymer 
chain size and end groups could be distinguished and related to physical properties 
[61]. 
Selected examples of gradient LC (in both RP and NP) from recent publications 
will be given in the next paragraphs. Mobile phase and temperature effects on 
selectivity will be examined and reviewed in more detail. 
1.2.2.2. Examples of the Interactive RP-HPLC of oIigomers 
In the early 1990s Bodmeier and Paevatakul [62] applied RP-HPLC to identify 
plasticizers used with polymers present in pharmaceutical applications (polymer-
coated sugar beads and polymeric films from simulated intestinal fluids). RP-
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HPLC coupled to evaporative light-scattering detection was employed by 
Mengerink et al. [63] for analysing oligomeric surfactants. 
In a paper by Rissler [64] an efficient separation of polyesters composed ofa large 
number of oligomers was described. The chromatography was quite innovative at 
the time, because of the use of 1.5 Ilm particles (at the time, i. e. late 1990s, 1.5 
Ilm particle columns were rarely used). The mobile phase 
(acetonitrile/tetrahydrofuran) was delivered in a gradient. Separation was achieved 
not only with respect to molecular weight but also to chemical composition and 
functionality type. Subsequently, Rissler [65] carried out the separation of 
polybutylene glycols (non-ionic surfactants) on monolithic, polymeric and silica-
based materials, using ternary gradients of acetonitrile, tetrahydrofuran and water. 
The best separations were achieved on the monolithic and on the polymer-based 
columns. 
Philipsen et al. [46] reported that the separation of end groups are affected by both 
stationary phase and mobile phase, and showed that the order of elution of 
oligomers could be reversed by selecting a different mobile phase. 
Rogers et at. [66] showed the variation in selectivity towards the stereoisomers of 
polystyrene oligomers brought about by different stationary phases (various allyl, 
phenyl and fluorinated materials). The mobile phase was a mixture of 
water/acetonitrile, delivered in a gradient. All the allyl phases (from Cl to CIS) 
provided a separation of the stereoisomers, whereas phenyl and fluorinated 
materials gave no isomer selectivity. More recently Sweeney et al. [67] separated 
the diastereoisomers from oligomers of low molecular weight polystyrene by using 
a carbon clad zirconia stationary phase and an acetonitrile mobile phase. 
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1.2.2.3. Examples of the Interactive NP-HPLC of oligomers 
The adsorption chromatography of polystyrene oligomers was successfully used 
by Mourey [68], where a mixture was eluted with n-hexane/dichloromethane on a 
silica column. Mourey et al. [69] showed that a mobile phase containing 
tetrahydrofuran and ethyl acetate led to separations according to the number of 
oligomer units and a mobile phase containing dichloromethane separated the 
stereoisomers of individual oligomers. 
Lai et al. [70] have employed a cyano stationary phase with polar solvents, such as 
dichloromethane, to separate styrene oligomers in PS600 and PS730 standards. Lai 
et al. [71] achieved partial stereo isomer resolution of the individual oligomers 
present in PS600, on a phenyl column with n-hexane as mobile phase. 
Jandera and Rozkosna [72] compared the separations of styrene oligomers on 
silica material using 1,4-dioxane/n-heptane and tetrahydrofuranln-heptane mobile 
phases (delivered in both isocratic and gradient modes). From this work the 
authors were able to derive an expression, which described the dependence of the 
oligomeric retention factors, k on the degree of polymerisation and on the mobile 
phase composition. 
Marquez et al. [73] showed that on a silica column, isocratic elution allowed the 
separation of surfactant oligomers up to 10 repeat units; gradient elution led to the 
separation of 15 units. An amino column extended the limit to 25 units. Higher 
repeat units were resolved when the silica and amino columns were coupled. 
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1.2.2.4. Organic solvents and their effect on selectivity in interactive RP-
HPLC and NP-HPLC of oligomers 
Many researchers have investigated the retention changes of analytes in RP-HPLC, 
with binary aqueous mobile phases [74-82]; in the present review, attention will be 
given to polymer/oligomer applications in both RP-HPLC and NP-HPLC. 
Lemr et al. [83] investigated the effect of mobile phase composition on the 
retention of linear alcohol polyethoxylates (LAE), non-ionic surfactants used in 
detergent formulations in RP-HPLC. An elution order inversion was observed for 
the ethoxy units, when the composition of aqueous acetonitrile (MeCN) mobile 
phase was changed. At low MeCN content (expressed as <p, the organic solvent 
fraction in the mobile phase, (v/v), where <p= 0.940), LAEs with a large number of 
ethoxy units eluted first. The elution order was inverted (i.e. small number of 
ethoxy units eluted first) at higher MeCN content (<p= 0.960). At intermediate 
MeCN content (<p= 0.948) they observed co-elution of LAEs, independent of 
ethoxy unit chain length. 
The RP-HPLC inversion of elution order for polyethoxylic oligomers had first 
been reported by Melander et al. [84], followed by Okada [85]; the inversion of 
elution order was explained in terms of conformational changes of the ethoxymers. 
The key role of organic modifiers on selectivity was also investigated by Cho et al. 
[86], for non ionic surfactants. They studied fatty alcohol ethoxylates (FAEs), a 
class of compounds which shows a distribution in alkyl and polyethyleneoxide 
(PEO) chain length. The PEO distribution could be analysed by NP-HPLC [87-
92], and the alkyl chain distribution could be analysed by RP-HPLC [92-98]. 
Jandera et al. [92] reported on the peculiar retention behaviour of FAEs; they 
concluded that a combined effect of the mobile phase polarity and the solvation of 
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EO groups took place. The EO solvation, in turns, depended on the water content 
in the mobile phase. The authors also observed different solvation effects in 
MeOH-water and in MeCN-water mobile phases. EO groups were subject to 
proton-acceptor interactions with OH groups of water and methanol. These 
interactions were not possible with MeCN. Consequently, aqueous MeOH was a 
'better' eluent than aqueous MeCN for the separation of ethoxylated alcohols into 
groups with different alkyl lengths. 
Trathnigg and Gorbunov [97-99] worked on FAEs separations and concluded that 
the longer FAEs eluted first because of size-exclusion (SE) mechanisms. 
Lochmiiller et al. [100] found an inverted elution order in RP-HPLC of PEO 
samples. The entropy-enthalpy compensation point they obtained was far from the 
total void volume of the column (which would indicate SE mode), and would 
explain the early elution of larger F AEs. The separation mechanism depended 
instead on temperature (see following paragraph). 
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1.2.2.5. Temperature and its effect on retention and selectivity in interactive 
LC 
Temperature has been shown to have a key role in the separation and in the 
reversal of the elution order of some polymers. Cho et al. [86] found that at a fixed 
mobile phase composition the elution order of PEOs on NP-HPLC changed with 
temperature. At low temperature they obtained resolution, with individual peaks. 
As the temperature increased, the retentions decreased and the peaks of the 
oligomers merged into a single peak. At high temperatures the smaller PEOs 
eluted first. As the temperature was lowered, the authors observed a change in 
elution order, which passed through a co-elution point and lead to the larger PEOs 
eluting first at low temperatures. This peculiar behaviour was investigated by 
studying enthalpy (~H) and entropy (~S) changes. The two moieties of FAEs 
(pEOs and alkyl chains) appeared to contribute to the retention in a 
thermodynamically opposite manner. 
The authors showed that PEOs retention in RP-HPLC was energetically 
unfavourable and entropy-driven (~H>O and ~S>O). The retention was based on 
hydrophobic interactions and increased with temperature increases. The entropy 
gain was brought about by the release of water molecules from the solvated PEO 
chain. 
The sorption of the alkyl chains showed ~H<O and ~S<O, so it was energetically 
favourable and entropically unfavourable. Their retention decreased with 
temperature increases. The inverted elution order was caused by the positive ~H. 
The entropy increase associated with the hydrophobic interactions was larger than 
the entropy loss of the alkyl chains in the sorption process, so overall, the entropy 
gain had to be large enough to overcome the enthalpy penalty of the endothermic 
sorption process. PEO stayed retained on the stationary phase. At low temperature 
(15 QC) the resolution of EO units was better, while at higher temperature (40 QC) 
their resolution decreased and the alkyl chain retention increased. 
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Other researchers considered temperature as an active parameter in the LC of non 
ionic surfactants. Vanhoenacker and Sandra [79] observed significant selectivity 
changes in RP-HPLC when temperature was increased; the oligomers elution order 
was reversed by temperature increase, in systems with MeCN/water as the mobile 
phase and their retention decreased with increased temperature. 
In RP-HPLC, with aqueous MeCN as mobile phase, a chain length distribution 
separation was obtained (Figure 1.13): 
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Figure 1.13: Temperature effect on elution of surfactants, on a Selerity Blaze Cs column (150 
x 4.6) mm, 311m particles, 50/50 water/MeCN mobile phase. Ref. [791. 
At room temperature (about 20°C) the separation was based on hydrophobic 
interactions: the larger oligomers, being less hydrophobic, were eluting in front of 
the smaller, more hydrophobic oligomers. At 50°C, the separation according to 
chain length did not take place: there was no oligomeric separation ("critical" 
temperature). At higher temperature (90°C), the chain length distribution 
separation re-appeared but, with inversed elution order: the smaller oligomers were 
at the front. 
Their investigation of the thermodynamic parameters, ~H and ~S, at 20 and 50°C, 
confirmed Cho et al. [86] results. 
However, Vanhoenacker and Sandra went above 50°C and up to 100°C. In the 
65-100 °C region they observed that sorption was enthalpy driven, resulting in a 
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reversal of elution order. From working at high temperature the authors could also 
gain: 
i. reduced mobile phase viscosity and therefore decreased pressure drop 
over the column; 
ii. higher flow rate and therefore a reduced analysis time (by a factor of 
3); 
iii. enhanced solute transfer between mobile phase and stationary phase 
and therefore an improved efficiency. 
However, when MeCN was substituted by MeOH, a reversal of elution order was 
not achieved on increasing temperature. During the study, mobile phase and 
column temperatures were controlled, to eliminate thermal mismatch between 
mobile and stationary phase. The authors also used stationary phases with high 
temperature stability: graphitised carbon, zirconium oxide and polystyrene/divinyl 
benzene phases. When working in NP-HPLC, the reversal of elution order was not 
achieved; the only clear trend, the authors could observe, was a reduced retention 
of all oligomers when temperature was increased. The thermodynamic parameters 
obtained (~H<O and ~S<O) indicated that the separation process was enthalpy-
driven, across the 15-150 °C temperature range. 
Choosing a non-aqueous system, at high temperature, had the advantage over 
aqueous systems at high temperature of not causing hydrolysis of the stationary 
phase. The authors reported that they could have chosen reversed phase material 
or polar material for the stationary phase. In both materials high temperature is 
responsible for an increase in column efficiency and a decrease in analysis time. 
Reversed phase materials are often preferred because of the poor reproducibility 
offered by silica columns. 
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Other two liquid chromatography methodologies employed for oligomeric analysis 
and based on polar interactions are supercritical fluid chromatography and thin 
liquid chromatography; they will be discussed in the next two paragraphs. 
1.2.3. Separations of oligomers using supercritical fluid 
chromatography (SFC) 
Separation of oligomers showed that SFC chromatograms gave better separations 
compared to HPLC. SFC optimisation strategies were shown by Schmitz and co-
workers [101], with respect to temperature and pressure programming and gradient 
elution. The retention behaviour of samples having different polarities was 
investigated by Hirata [102], who employed silica and C18 columns and n-
hexane/ethanol mobile phase. 
However, alkanes above their critical points are hazardous and after the early work 
most studies concentrated on carbon dioxide. Schmitz et al. [I03] separated 
oligomers, over a wide molecular weight range, by gradient SFC. For oligomers 
that absorb at Iow wavelength they employed a C02/acetonitrile mobile phase, 
allowing UV detection to be performed at 200 nm. 
SFC can be regarded as a specialised case of normal phase chromatography in 
which liquid carbon dioxide above its critical point is usually used as the mobile 
phase. Prior to entering the chromatographic column the mobile phase is 
pressurised and then heated above the critical temperature. Standard HPLC 
columns can be used, as well as capillary columns (for higher efficiency and 
sensitivity values). At the column outlet the mobile phase is decompressed and 
allowed to reach its gaseous state and can be re-cycled. The most common 
detectors employed with SFC are UV and flame ionisation detectors. 
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One of the earliest separations of oligomers by SFC was reported by Klesper and 
Hartmann [104] in 1978. However, it was only when gradient elution techniques 
became established that SFC started to be employed for low molecular weight 
polymers and oligomers analysis. Klesper and Schmitz [105] were able to reach 
good separations of oligomeric species on a silica column, with supercritical 
pentane/l,4-dioxane gradients. Schmitz et al. [106] investigated the effect of a 
number of mobile phase compositions on the separation of oligostyrenes by 
gradient SFC, with a combination of an alkane with dioxane giving the best 
resolutions. Just et al. [107] successfully applied SFC (coupled to MALDI-TOF, 
Matrix-assisted laser desorption ionisation time of flight mass spectrometry) for 
the analysis of oligomeric ethylene oxides and their adducts. Bartle et al. [108] 
also employed SFC for the analysis of lower oligomers from poly( ethylene 
terephthalate) films. They extracted the sample prior to chromatographic analysis 
by both on-line and off-line SFE (supercritical fluid extraction). In off-line SFE, 
the authors subjected a series of samples to a flow of fluid and then collected the 
eluting fluid. Off-line chromatographic analysis followed the extraction step. In 
on-line SFE-SFC the sample was extracted by a flowing stream of fluid and then 
the extract was directly deposited on the SFC column inlet. Both on-line and off-
line SFE set ups proved to be successful, although the results derived from the on-
line extraction were not suitable for quantitative analysis. 
1.2.4. OIigomers separations by thin layer chromatography (TLC) 
Although 'manual spotting' TLC is less accurate and reproducible than NP-HPLC, 
it offers good selectivity and the apparatus is simple and cheap. Hudgins et al. 
[109] described a number of TLC separations on silica gel for oligomers of PET 
(polyethylene terphthalate). The authors achieved separations between cyclic and 
linear oligomers of equal molar mass. Cserhati et al. [11 0] employed TLC for 
separating a number of ethylene oxide oligomers, according to their chain length. 
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Cserhati [111] investigated the effect of solvent strength on TLC selectivity, for 
ethylene oxide oligomers applications. Bui et al. [112] obtained TLC separations 
oflow molecular weight polyisoprene, polystyrene and poly (ethylene oxide); they 
also compared the TLC separations with HPLC and SEC separations. They found 
that TLC had a higher resolving power than SEC, but a lower resolving power than 
HPLC. 
1.2.5. Oligomers separations using hydrophilic interaction 
chromatography (HILIC) 
In recent years a new approach to separate oligomeric analytes has been based on 
hydrophilic interaction chromatography (HILI C). This technique was first 
described by Alpert [113] to describe a chromatographic technique where the 
analytes interact with a hydrophilic, polar stationary phase and are eluted with a 
relatively hydrophobic binary eluent. It is a variant of normal-phase 
chromatography, although it uses water in an aqueous-organic solvent mixture as 
mobile phase. Water is the stronger eluting member of the binary mobile phase. 
This means that the retention order in HILIC is roughly the opposite of the 
retention order observed in RP-HPLC and polar compounds are more retained than 
non-polar compounds. 
The distinction between HILIC and NP-HPLC is debated. There is an on-going 
discussion on the separation mechanisms involved in HILIC, which was 
sununarised by Hemstrom and Irgum [114] in a comprehensive review. However, 
there seems to be an agreement that both adsorption (which mainly governs 
retention in NP-HPLC) and partitioning (retention mechanism suggested by 
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Alpert) could be invo lved. The partitioning is between the bulk mobile phase and a 
layer of mobile phase enriched with water and partially inunobilized on the 
stationary phase (Figure 1.14). 
Historically NP-HPLC has been employed for separation of polar molecules, 
which lack the hydrophobic character necessary for suitable retention on a C I8 
stationary phase [11 5]. However, its application has been limited because of 
problems associated with di sso lving the hydrophilic materials in the non-aqueous 
eluents typically used in NP-HPLC [11 6]. Initially it was applied to carbohydrates 
and peptides analysis [113 , 11 7-12 1] ; it was also reported to provide a umque 
selectivity for separating impurities and degradation products [122]. 
<Hmi> 
Electrostatic 
Interaction 
Figure 1.14: Illustration of the separation mechanism involved in HILIe. Ref. 11231 
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Stationary phases, which have been employed in HILIC, are silica, amino or cyano 
phases traditionally used in NP-HPLC [117, 119,120,122, 124-126]. Other phases 
used for small polar compounds are amide, aspartamide and diol bonded phases 
[113, 126-133]. Recently some column manufacturers have started to market 
stationary phases specifically designed for HILIC [114], such as Atlantis HILIC 
Silica, ZIC HILIC, Cosmosil HILIC and YMC HILIC columns. 
As in RP-HPLC, HILIC employs water and acetonitrile as mobile phase but, with 
a high percentage of organic (generally higher than 60%) [113] and the percentage 
of organic solvent is probably the most important factor to affect retention. Guo 
and Gaiki [134] investigated the effects of various parameters on the retention in 
particular the effect of acetonitrile content, buffer pH, salt type and concentration 
in the mobile phase. They observed a decreasing retention as the water content was 
increased. They also studied the effect of column temperature (in the range 20-70 
0c), and observed a decrease in retention as the column temperature increased and 
a linear relationship between In k' and lIT. Guo and Gaiki chose the mobile phase 
salts, ammonium acetate, formate and bicarbonate, because of their solubility in 
high percentage of acetonitrile and their compatibility with the MS detector. 
Increased concentrations of ammonium acetate caused increased retentions. 
Probably this was because the salt prefers to be in the water-rich liquid layer of the 
partitioning model for HILIC. Olsen [122] showed that HILIC has NP behaviour, 
since increases in the aqueous content of the mobile phase caused a decrease in 
retention of polar compounds. He also showed that substituting alcohols in place 
of water in the mobile phase gave longer retentions and found that n-propanol was 
a stronger eluting solvent than acetonitrile. Strege [120] evaluated several cyano 
and amino columns for polar analytes and tested mobile phases containing 
MeCN/water, with or without buffers and acceptable reproducibility was achieved 
when the ammonium acetate concentration was at least 6.5 mM. 
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Jandera et al. [135] successfully employed HILlC for the separation of ethylene 
oxide-propylene oxide (co)oligomers. Svec et al. [136] analysed poly(vinyl 
pyrroIidinone) on a polymeric diol phase with a gradient of 0-50% water in 
acetone. They also analysed dextran oligomers, which were baseline resolved by 
utilising a gradient of 10-40% water in acetone. 
1.2.6. Liquid chromatography under critical conditions (LCCC) 
As well as SEC and interactive chromatography there is a specific mode of 
isocratic LC in which retention is solely influenced by the chemical composition 
or functionality of the molecules. This approach, generally used for the analysis of 
complex polymeric mixture, is termed liquid chromatography under critical 
conditions (LCCC). Macko and Hunkeler [137] have presented a review in which 
all known LC systems under critical conditions reported since the early '80s were 
sununarized. 
Under certain conditions (which are critical with respect to temperature and mobile 
phase composition) both entropic exclusion and enthalpic adsorption compensate 
each other and a mixture of differently substituted polymer molecules can be 
separated by LCCC solely according to the number of functional groups (FTD), 
the chain length does not contribute to the retention. For this reason LCCC can be 
used to determine a particular oligomeric series with a specific functionality by 
causing all the oligomers to have the same retention factor [138]. For example 
LCCC has been used to successfully separate cyclic structures of polyamides from 
their parent linear matrixes [139, 140]. 
Critical chromatography has proved an invaluable tool to separate polymers based 
on their end-group functionality, for both low (up to 10000 [141-145]) and higher 
molecular mass oligomers (although problems have been encountered in obtaining 
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critical conditions [146].) Most of published critical separations dealt with the 
separation of polymer itself as the main component. In the majority of cases, 
LCCC is carried out in NP, since most functional groups are more polar than the 
polymer backbone. Examples have been described for polyethers [147-151], 
polyesters [152,153] and polyamides [154]. 
However, as Mengerink et al. [138] demonstrated, LCCC can also be applied to 
determine small amounts of a particular polymer in a sample matrix. They 
compared the selectivity of two LCCC systems (RP-HPLC and NP-HPLC) for the 
analysis of polyols. They used a Cl8 column for the RP-HPLC set up and a silica 
column for the NP-HPLC experiment; the mobile phase constituents were water, 
formic acid, THF and I-propanol. Linear and cyclic pTHF could be separated by 
RP LCCC, but only the cyclic pTHF was separated from the coating. In NP LCCC, 
cyclic and linear pTHF co-eluted but both were separated from the coating 
material. 
However, most examples found in the literature rely on LCCC separation 
mechanisms only and mass spectrometric detection/identification. For example 
Mengerink et al. [140] separated the linear and cyclic structures ofpolyamide-6 by 
LCCC, independently of molar mass. Retention was based solely on end-group 
functionality, while retaining the critical conditions of the backbone units. 
Separation was optimized by using different parameters: percentage modifier, 
temperature and pressure. Quantification was carried out by evaporative light 
scattering detection (ELSD) and identification by MS. 
The separation of functional poly(n-butyl acrylate) polymers, carried out by Jiang 
et al. [155] was also based on the number of carboxylic end-groups under LCCC. 
The authors used an unbonded silica column, and mixtures of acetonitrile, acetic 
(or formic) acid and dichloromethane of varying composition. ELSD calibration 
curves were obtained and were used for quantitative analysis of carboxyl groups, 
whereas MS data confirmed that the critical separation was based on the carboxyl 
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functionality. Similarly, Peters et al. [156] developed a method for an end-group 
based separation of low molecular mass poly(methyl methacrylate). Phillips et al. 
[157] applied LCCC to the separation of water-soluble poly (acrylic acid) and 
polystyrene sulfonate; the variations in buffer concentration and in the proportion 
of organic modifier in the mobile phase were used to achieve the critical 
conditions for the two polymers. 
Pasch and his group [158] characterised a series of linear and star-shaped poly-L-
lactide), by LCCC. A silica gel column and a mixture of 1,4-dioxane/n-hexane as 
mobile phase at 50°C were employed. 
Critical conditions are often found after optimising mobile phase constituents and 
column temperature [140]. Pressure also can influence the critical conditions 
[159], and so can the choice of stationary phase and mobile phase. Since so many 
different parameters must be taken in consideration, many experiments are 
required in order to achieve critical conditions. 
1.2.6.1. Theoretical aspects of Liquid Chromatography under critical 
conditions 
The first theory describing the chromatographic behaviour of macromolecules was 
given by Cassaca [160], which was then followed by Gorbunov and Skvortsov 
[161, 162]. Their basic idea was the concept of interaction energy, -E, a measure 
of the affinity of a monomer unit towards the adsorbent; which is related to: 
Chemical nature of polymer 
Type of adsorbent 
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Type of solvent 
Temperature 
Below a certain value -SC[ (critical interaction energy) there is no interaction with 
the substrate and macromolecules will undergo endothennic entropic exclusion. 
Thennodynamically this can be expressed as (Equation 1.1): 
~H= 0 and ~G= -T~S>O Equation 1.1 
Where: 
~H is the enthalpic energy of transfer of the analyte with the stationary phase; 
~S is the entropic energy of transfer; 
~G is the Gibbs free energy of transfer; 
T is the absolute temperature. 
The chromatographic system will be in SEC mode. 
When -s increases (because of stronger solvent concentration) enthalpic 
interactions will start to show their effect on the macromolecules distribution; 
when -SeT is exceeded the macromolecules will be dominated by exothennic 
enthalpic adsorption effects. 
Thennodynamically this can be expressed as (Equation 1.2): 
~S= 0 and ~G= ~H<O Equation 1.2 
When -s = -scr 
~G=O 
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The enthalpic interaction effects are exactly compensated by the entropic 
exclusion effect. Critical conditions are reached and the distribution is independent 
ofthe chain length 
L'lH= TL'lS 
According to the Martin rule, the Gibbs free energy of a polymer is a summation 
of the Gibbs free energy of the end groups and the backbone unit (Equation 1.3): 
L'lGpolymer= L'lGendgroup \+ L'lGendgroup2 +nL'lGbackbone unit Equation 1.3 
To achieve the critical conditions for a polymer with a specific substitution, the 
retention must be independent of the number of backbone units, so nL'lGbackbone unit 
= O. This can be accomplished by compensating the enthalpic interaction effects 
with the entropic exclusion effects at a certain temperature T (Equations 1.4, 1.5): 
L'lGbackbone unit= L'lHbackbone unit- T tl.Sbackbone unit= 0 Equation 1.4 
L'lHbackbone unit= T tl.Sbackbone unit Equation 1.5 
Under these condition polymers with different substitutions (end groups) can then 
be separated if they have different enthalpies. 
To achieve this, both normal phase and reversed phase can be used. When working 
in normal phase (and using silica columns), silica can interact with polar functional 
groups, for example, interactions were obtained for the carboxylic end-groups 
[163]. 
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1.2.6.2. Strategy for obtaining critical conditions 
Many experiments are often needed to obtain the critical conditions (CC) of a 
specific system. A method has been described by Gorshkov et al. [164-167]. Cools 
et al. [168] conceived an elegant method to reach CC. They obtained the retention 
times of a limited number of polymer standards with different chain lengths at 
different percentage of non-solvent (NS,) water, starting with 100% solvent (THF) 
at constant temperature (300 C). By increasing the NS percentage the retention 
time increased (they were using Cl8 columns; therefore they were operating in 
RPLC). 
The polymers retention times were then plotted against the NS composition 
(Figure 1.15). 
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Figure 1.15: CSC plot. Ref. [146]. The three curves represent the retention behaviour of 
three standard polystyrenes (PS) of different molecular mass: += PS 35000, .= PS 8500, .1.= 
PS 1800. 
The intersection point of the retention curves for the different chain lengths 
represented the NS composition at which the polymer standards with the same 
chemical structure but with different molar mass should be eluted simultaneously. 
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The accuracy of the method was about ± 1 % NS. The authors observed that 
especially near the CC, small variations in the percentage of NS had a great 
influence on the retention behaviour. They also suggested that to obtain fine tuning 
(since solvent composition can not be established more accurately than 1%), 
temperature could be used. This method offered the advantage that only a few 
solvent-non-solvent compositions were required for identification of the CC. 
A similar method was used by Philipsen et al. [146] who determined the retention 
times of three polystyrene samples (of different molar masses) at different elution 
composition, holding the temperature at 30°C. The intersection point represented 
the critical solvent composition (CSC). They also tested the effect of column type, 
solvent and temperature. They found that for low molecular mass polymers, an 
increase in temperature led to a decrease in retention time (in reversed phase 
mode). This was not always the case for macromolecules. They also observed that 
changes in retention time as a function of temperature were more pronounced at 
higher molecular mass (in reversed phase mode). Temperature changes mainly 
affect the adsorption process, with limited effect on the exclusion process. Since 
retention of large molecules is more influenced by adsorption than that of small 
molecules, the effect of temperature changes is more pronounced in the former 
case. In normal phase mode, retention changed non-monotonously (not in a 
predictable manner) as a function of temperature, and this was explained in terms 
of adsorption itself varying non-monotonously with temperature [169]. 
Trathnigg et al. [170] employed LCCC for the analysis of functional polymers and 
block copolymers. They adjusted the CC by varying the temperature. The authors 
calculated ~H and ~S from the slope and the intercept ofvan't Hoffplots and used 
the following equation to calculate the 'compensation temperature', Tc (Equation 
1.6): 
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8H= Tc 8S Equation 1.6 
Many authors [171-178] used a plot of 8H versus 8S to investigate the separation 
mechanisms. From the slope in this plot they obtained the compensation 
temperature. However, ascribing the meaning of critical temperature (in the case of 
homopolymers) to the compensation temperature is meaningful only if 8S and 8H 
changes are measured at the critical conditions. lfthe conditions (mobile phase and 
temperature) are already close enough to the CC, the slope in the plot 8H versus 
8S can be used for fine adjustments of the critical temperature. 
Trathnigg and co-workers [170] found that in MeOHlwater the temperature 
dependence in the 15-35 °C range was almost negligible, but it was more 
pronounced in acetone/water. 
Generally temperature variations are preferred as a mechanism to fine-tune critical 
conditions over changing the eluent composition, because the accuracy of most 
HPLC pumps does not allow the needed changes in eluent composition 
(sometimes as small as 0.1%). However, it is debateable if temperature can be 
controlled accurately either. 
Phillips and Olesik [179] used a different approach to reach critical conditions by 
employing enhanced-fluidity liquid mobile phases (of an organic solvent and 
supercritical carbon dioxide), whose higher compressibility provided manipulation 
of solvent strength by changing the temperature or the pressure of the solution. 
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1.3. Separation of oligomers by gas chromatography (GC) 
Most oligomers are relatively involatiIe because of their size but GC can be 
applied to smaller non-polar oligomers although its application is limited and it 
will not be discussed in detail. For example, Gilbert et al. [180] applied GC-MS 
for the analysis of vinyl chloride oligomers, compounds that can migrate from 
PVC used in the food packaging industry and Abrantes [181] identified 20 
polysterene oligomers (from polysterene plastic used for milk packaging) by 
headspace GC-MS. Gamer et al. [182] demonstrated {hat capillary GC gave good 
separations of oligomer mixtures of low molecular weight tertiary butoxide and 
bomyl oxide, which were only partially resolved on packed columns. 
1.4. Mass spectrometric characterisation of synthetic oligomers 
Mass spectroscopy (MS) has become a very important tool in polymer and 
oligomer analysis [183-186], especially since the development of soft ionisation 
techniques, such as MALDI (Matrix Assisted Laser Desorption Ionisation) and 
ESI (Electrospray Ionisation). Both enabled the ionisation of large non-volatile 
compounds and gave little molecular fragmentation. Mass spectra complexity is 
therefore reduced, although multiple ionisation and adduct formation can 
contribute to a certain degree of complexity. By preserving the integrity of the 
molecules, these techniques allow the determination of molecular weight values. 
APCI (Atmospheric Pressure Chemical Ionisation) [79, 92, 187] has also found 
application for oligomer analysis. It tends to be used for compounds with medium 
to high polarity, and when coupled to NP-HPLC (where eluents have low dipole 
moments). 
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ESI-MS and APCI-MS are easy to couple on-line to an LC system, because the 
sample is introduced in solution at atmospheric pressure. Furthermore, LC-MS 
provides a continuous detection and therefore it can facilitate the understanding of 
LC separation mechanisms [188-190]. 
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1.5. Multidimensional separations and oligomer analysis 
Because of the complexity of oligomer sample one potentially valuable technique 
would be to use the enhanced capacity of multidimensional chromatography. The 
origin of multidimensional chromatography lay in planar chromatography; paper 
chromatography developed in parallel with liquid-liquid partition chromatography. 
Martin el Cl/. [191] in 1944 evaluated the possibility of different eluents in different 
direct ions and later, in the earl y 50's Kirchner et ClI. [1 92] pioneered two-
dimensional th in-layer chromatography but most modern methods used two linked 
col umn systems (Figure 1.16). 
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Figure 1.16: LC x LC layo ut. Ref. 11931. 
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Such multidimensional analyses, which involves two or more separations in 
different dimensions linked together, are playing an increasingly important role in 
polymer and oligomer analysis. The interest has come because one dimensional 
chromatography of complex samples is limited in its resolving power. Giddings 
[2] predicted that approximately four million theoretical plates would be required 
to separate 82 of 100 components randomly distributed in one dimensional 
separation, whereas in multidimensional systems the resolving capabilities are 
considerably increased. When all the eluent from the first dimension is transferred 
in packages to a second dimensional separation the system is termed 
comprehensive chromatography (Blomberg et al. [194]), whereas transferring 
selected fractions results in heart cut or a partially comprehensive analysis 
1.5.1. Peak resolution capacity 
In order to describe the effectiveness of separation systems to resolve a 
multi component mixture Giddings introduced the concept of peak capacity [195]. 
His work was based on isocratic chromatography and he defined peak capacity as 
"the maximum number of peaks to be separated on a given column". This 
publication was then followed by a short note by Horvath and Lipsky [196], where 
the concept of peak capacity was applied to gradient chromatography. Since then 
peak capacity has been used as a measure of the performance of a gradient 
separation. For example, Stadalius et al. [197] and Gilar et al. [198] used it to 
assess peptide separation; similarly Stout et al. [199] used it for the separation of 
proteins. More recently Neue [200] has derived the equations that describe the 
peak capacity in gradient chromatography both for reversed phase and ion-
exchange chromatography. He defines the peak capacity Pc as "the number of 
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peaks that can be separated within a retention window" (to-tr), or in other words 
"the retention time measured in peak width units". The peak width is defined as 40" 
(0" is the standard deviation of the retention times within a peak) of a peak, and if it 
changes with the retention time, tr, Pc can be expressed as (Equation 1.7): 
t, 1 
P,=! + J- dt 
,,4a 
Equation 1.7 
to= retention time of an unretained peak. 
0" describes the distribution of the molecules in a band as it elutes in the column. 
The overall broadness of the band is measured in terms of its base width. Classical 
chromatography theory considers that a separation takes place by a succession of 
equilibration steps. The more steps in a column, the more efficient the separation 
will be. The peak width is a function of the retention factor k., at the point of 
elution t and the column plate count N. It is also a function of time, t; the longer 
the band takes to elute, the more time the molecules have to spread out. All this 
can be summarised in the following equation (Equation 1.8): 
t 
0= -(k.,+I) Equation 1.8 
.IN 
Ifwe substitute equation 1.8 into equation 1.7 we obtain Equation 1.9: 
.IN "1 1 
P, = ! + -- J--- dt Equation 1.9 
4 10 t k, + 1 
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Integration yields Equation 1.10: 
IN 1 t, E . 0 Pc = 1+ -----In- quatlOn 1.1 
4 ke + 1 to 
This equation implies that the plate count N is not a function of the gradient. 
In gradient chromatography peak capacity can be calculated from the peak width co 
(measured at 13.4% of peak height) by using Equation 1.11: 
tg P=l+-~-
~coYn 
Where: 
Equation 1.11 
n= number of peaks 
tg= gradient run time 
From Equation 1.11 it can be appreciated that peak capacity is simply the gradient 
run time divided by the average peak width. It follows that peak capacity is 
generally higher in gradient elution than in isocratic mode because of narrower 
peak widths co in gradient elution [201]. Under both elution modes peak capacity 
increases proportionally to the square root of the column plate number, N (as 
shown in Equation 1.10). In turn, N is directly proportional to the column length L, 
therefore peak capacity increases in direct proportion to the square root of L. 
However, Gilar et al. [198] found that peak capacity reached a maximum for 150 
mm column length, but decreased for longer columns. 
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1.5.2. Peak capacity of columns connected in series 
If n columns are used in series (i.e. the sample components migrate the same 
distance), the total peak capacity P n can be calculated from the Pi, peak capacity of 
the individual columns, as Equation 1.12: 
Pn= ~~P'2 Equation 1.12 
The fact that resolution and Pn increase in direct proportion to the square root of 
the column number can be illustrated by an example. Jandera et al. [201] carried 
out non-aqueous reversed phase gradient separation of triacylglycerols from a 
Dracocephalum moldavica oil, using Novapack C18 columns. The experimental 
increase in the resolution on three and two identical columns connected in series 
with respect to a single column was very close to the theoretical values, i.e. square 
root of three, 1.73 or square root oftwo, 1.41, respectively. 
1.5.3. Peak capacity in multidimensional systems 
If instead, n columns are used in parallel (i.e. the sampie components migrate two 
different distances), the total theoretical peak capacity PnD is equal to the product 
of the peak capacities of n columns: 
P oIF PI P2 ••• .P n Equation 1.13 
This is what, is provided in theory by multi-dimensional chromatography: a 
significant increase in peak capacity. In real terms the peak capacity increase is 
lower than what Equation 1.13 predicts, because of: 
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i. the degree of similarity of the coupled columns (this concept will be expanded in 
the orthogonality section) 
ii. the overlapped components, as demonstrated by Davis and Giddings [202]. 
When the increase in peak capacity and the number of components that can be 
separated is lower than predicted by Equation 1.13, peak capacity can be estimated 
as the weighted average ofthe two limiting cases: 
i. completely dissimilar (orthogonal) two dimensional systems 
ii. two fully identical systems, connected in series: 
Where: R is the weighting factor, or measure of correlation between the retention 
in the separation systems in the first and in second dimensions. If the two systems 
are not correlated, R = 0 and equation 1.14 becomes equal to equation 1.13, 
whereas if the two systems are completely correlated, R= 1 and equation 1.14 
becomes identical to equation 1.12. 
1.5.4. Peak overlap 
Davis and Giddings [202] showed that the peak capacity is the maximum number 
of mixture constituents, which a chromatographic system may resolve. If for 
example, Pc= lOO, this value means that 100 single component peaks can fit into 
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the allowed retention volume range, assuming that the peaks are evenly 
distributed, following one another at exactly the right distance to yield the 
minimum stated resolution. But components of a mixture are not always uniformly 
distributed and can appear randomly, overlapping each other. Peak capacity is 
therefore an "ideal" number, and expresses the maximum number of resolvable 
components; it exceeds the real number by some factor, determined by operational 
conditions (e. g. the allowable separation time) [202]. Davis and Giddings 
estimated that a mixture of 50 random components would appear as about 18 
single peaks; many of which are actually composite peaks. As a result of this 
overlap there is a considerable loss of analytical information. The authors 
proposed a statistical method of overlap to show how the number of resolved 
single peaks, S, is related to the peak capacity, Pc and the number of components 
in the mixture, m (Equation 1.15): 
-2m 
S=m p. Equation 1.15 
The fraction of the peaks resolved, also represents the probability, P that a 
component will be separated as single peak. So, if Equation 1.15 is re-arranged: 
2m p= exp(- -) Equation 1.16 
Pc 
Where: m: 0, 1, 2, ... 
By applying a theoretical analysis to equation 1.16, Davis and Giddings could 
draw the following conclusions: 
i. with random spacing one can't expect to see more than 37% of the peaks; 
ii. the number of single component peaks cannot exceed 18% ofthe peak capacity. 
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1.5.5. Orthogonality of separations 
Multidimensional analysis, which involves two or more different separation 
dimensions, offers significant advantages with respect to the enhanced 
differentiating power that can be achieved. Both dimensions must be compatible 
towards the analysis of the sample components and the coupling interface must 
consider the possible different nature of the fluids used in each dimension. 
The multidimensional analytical method combines independent displacement 
processes with x and y axes oriented at right angles. Along each axis the peak 
capacity will respectively be Pc x and Pc y. The orthogonality criterion will be 
satisfied when the two separations are based on two independent and unrelated 
retention mechanisms; synentropy across dimensions (cross information) is 
minimised (Figure 1.17), resulting in multiplicative peak capacity . 
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Figure 1.17: Retention space coverage in 2D separation of hypothetical samples showing low 
synentropy. The graph is a schematic illustration. 
The importance of orthogonality in multidimensional separations is critical 
because it determines the magnitude of the separation space that is utilised [203]. 
Retention correlation across dimensions reduces the maximum peak capacity to 
some fraction of that which is theoretically available. A high degree of retention 
correlation can reduce a multidimensional separation to an essentially one-
dimension separation, with peaks distributed along a diagonal [204] (Figure 1.18). 
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Figure 1.18: Retention space coverage in 2D separation of hypothetical samples showing a 
high retention correlation. The graph is a schematic illustration. 
Orthogonality in coupled column chromatography can be realised either by 
coupling dissimilar techniques [205, 206] or by selectively tuning the operational 
parameters which can influence retention, like temperature [204] and mobile phase 
composition [207]. 
One very important observation must be made at this point. It is generally accepted 
that coupled methods in hyphenated instruments can be made independent of each 
other by combining methods that are as different as possible [205-208]. For 
example GCIMS appears to be a good hyphenated instrument because the two 
analytical methods are very different and they provide different types of 
infonnation, and might be expected to be orthogonal. However, since both 
chromatographic retention and mass-to-charge ratio are correlated with molecule 
size, the two techniques are not orthogonal and the synentropy is bigger than zero. 
Furthennore, coupling dissimilar techniques (e.g. LC/CZE and SEC/CZE) could 
prove to be challenging and complicated, because the mode of operation varies 
with increase in dissimilarities between retention mechanisms. On the other hand, 
one might expect, for example, GC x GC to be far from orthogonal, because the 
two dimensions are closely related. But applying fine adjustments to the second 
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column temperature can eliminate any retention mechanism in common, making 
the entire retention space accessible. 
In recent years GC x GC, had attracted considerable interest and has been shown 
to be a powerful technique which provides excellent results in terms of separation 
power, compounds classification, speed of analysis and compound identification. 
Its methods and applications [209-212], especially in the petrochemical field [213-
215], have been widely reviewed but have seen little application for oligomer 
analysis because of the analytes limited volatility. 
1.5.6. Orthogonality in LC x LC 
Oligomer separations are more compatible with liquid phase methods and a 
number of different two-dimensional (2D) systems have been developed, including 
LC x LC, LC x capillary zone electrophoresis (CZE), size exclusion 
chromatography (SEC) x CZE, gel electrophoresis x LC and lE x LC [206, 216-
220]. Although coupling orthogonal techniques minimizes synentropy, the 
challenges, such as sampling criteria and the mode of operation, are considerable. 
On the other hand, operating in reversed-phase LC in both dimensions and 
concentrating the orthogonal efforts on column selectivity only can provide 
minimal synentropy. This is because sample hydrophobicity is the key separation 
factor in both cases and analytes molecules retained on one stationary phase will 
still be the more retained analytes on a different stationary phase [207]. 
In the following section, examples on how orthogonality can be achieved in LC x 
LC separations are described with emphasis on oligomer analysis. 
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1.5.6.1. Normal phase HPLC (NP-HPLC) coupled to reversed phase HPLC 
(RP-HPLC) 
Of all LC x LC approaches, NP-HPLC x RP-HPLC is most probably the most 
orthogonal [221] and therefore potentially able to provide high resolution. 
However, because of mobile phase incompatibility, interfacing the two dimensions 
is a fundamental limitation. Aqueous-organic mobile phases used in the first 
dimension (ID) RP-HPLC usually showed limited miscibility with purely organic 
solvents used in the second dimension (2D) NP-HPLC; furthermore, aqueous-
organic mobile phases strongly de-activated the stationary phase employed in the 
2D NP-HPLC. Even 1 III of an aqueous acetonitrile mobile phase fraction 
transferred from a RP column to a silica gel one, has completely destroyed the NP 
resolution [222]. 
An example of normal phase and reversed phase chromatography coupled in a 
comprehensive system was given by the analysis of alcohol ethoxylates [223], 
which are used as non ionic surfactants in many industrial products and processes. 
Murphy and his group [223] characterised the polyethylene oxide (constituents of 
alcohol ethoxylates) on a silica column with water-acetonitrile gradient. The alkyl 
distribution was achieved on a C18 column with isocratic methanol-water. The 
mobile phases were miscible, resulting in the stepwise injection of the entire first 
dimension eluent into the second dimension. Although the eluent used on the 
silica column was aqueous acetonitrile, the authors still referred to the techniques 
as NP, since retention was in order of increasing number of ethylene oxide units. 
landera et al. [222] investigated the separation selectivity in aqueous and non-
aqueous RP systems and NP-HPLC system, for the analysis oftriacyl glycol (from 
plant oil samples) and ethylene glycol-propylene glycol oligomers (EO-PO, used 
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as surfactants). EO-PO polymers varying in polarity were expected to show 
different selectivity in RP and NP modes. Mono-, di- and triacyl glycerols, 
saturated and unsaturated fatty acids and their esters were contained in the natural 
oil samples. The first dimension (ID) separation was on a Cl8 column with 
acetonitrile/water or methanol/water. In the second dimension (2D) 
propanol/hexane was used as the eluent on an aminopropyl bonded silica column. 
Gradient elution starting at 50% MeCN was used for the full separation of EO-PO 
cooligomers. Fractions from the ID were cut and sent to the 2D system. The 
resulting 2D RP-NP chromatograms enabled the calculation of the numbers of the 
EO and PO units in the individual fractions. 
Another example of 2D RP-HPLC x NP-HPLC has been reported by Park et al. 
[224], who separated polystyrene (PS)-block-polyisoprene (PI) diblock 
copolymers using RP-HPLC, which fractionated the PI block, and NP-HPLC, 
which separated the PS block. In other studies, RP x NP systems have been 
applied to pharmaceutical analysis [221] and food analysis [225,226]. 
1.5.6.2. RP-HPLC coupled to hydrophilic interaction chromatography 
(HILIC) 
Jandera et al. [187] also analysed ethylene oxide (EO)-propylene oxide (PO) 
oligomers. RP-HPLC was used in the first dimension and HILIC in the second 
dimension. The two systems proved to be orthogonal with respect to the separation 
selectivity for EO and PO units. In ID resolution of the PO oligomers was 
obtained on a Cl8 microbore column, using a gradient of acetonitrile and water. 
The HILIC NP used an ethanol-dichloromethane-water mobile phase on an 
aminopropyl silica column, which provided separation according to the EO 
distribution. 
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Wang et al. [227] developed an HILIC method orthogonal to a RP-HPLC method 
to separate a pharmaceutical compound and three of its related impurities, using a 
XTerra C18 column with 0.09% phosphoric acidlMeCN mobile phase in RP and a 
diol column and MeCN/salt solution (95:5, v/v), (10 mM ammonium chloride) 
mobile phase for the HILIC separation. The elution order of the four compounds 
was much different in HILIC from that in RP-HPLC (Figure 1.19) . 
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Figure 1.19: Chromatograms of the specificity solution on (a) RP-HPLC and (b) H(LIC 
conditions. Ref. [227). 
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1.5.6.3. Liquid chromatography at critical conditions (LCCC) or SEC coupled 
toRP-HPLC 
LCCC has been coupled to RP-HPLC [228-232] for the separation of polymers 
and has the advantage that in the first dimension the separation is solely based on 
functionality and in the second dimension is based on molecular mass, leading to 
complementary information that couldn't have been obtained using the techniques 
separately [233]. Recently Im et al. [234] used a different approach for the 2D-LC 
analysis of branched polystyrenes (PS) using a RP temperature gradient LC for 
the ID, which allowed separation in terms of the molecular weight, and LCCC in 
the 2D which led to a separation in terms of the number of branches. Since the 
same eluent (chlorofonnlMeCN) was used in both dimensions, the resulting 
chromatograms were free from possible 'break through' and large system peaks. 
SEC has often been a preferred choice for the 2D (to separate according to the 
molecular weight) and recent applications of SEC x NP and SEC x RP applied to 
synthetic polymers, oligomers and biopolymers have been reviewed [60]. 
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1.5.6.4. RP-HPLC coupled to RP-HPLC 
A procedure for the development of a RP-HPLC separation orthogonal to a pre-
existing 1D RP-HPLC was proposed by Pellett et al. [235]. The procedure 
involved changes of some of the experimental conditions that affect RPLC 
selectivity (Table 1.2). 
Table 1.2: Experimental conditions tbat affect Rp·HPLC selectivity. Ref. [235). 
Condition 
Solvent strength (%B) 
Gradient steepness, ta 
Temperature T 
Solvent type 
• Acetonitrile 
• Methanol 
• Tetrahydrofuran 
Column type 
Mobile phase pH 
Mobile phase buffer type 
concentration 
Mobile phase amine additives 
Ion'pair reagents 
Comment 
Usually a maximum change in %B:SIO% 
Usually a maximum change in to :S1O-fold 
Maximun change in T is limited by a need to 
maintain 1:::I<:s1O and avoid temperature 
degradation of the column 
Preferred initial solvent 
Acceptable alternative, unless detection at g I 0 
nm is required 
Less desirable alternative, avoided by many 
laboratories 
Very wide range of columns available. 
Selectivity cannot be changed continuosly 
Potential large change in selectivity for ionisable 
compounds 
Moderate change in selectivity for ionised bases 
Moderate change in selectivity for protonated 
bases 
Potentially change in selectivity for ionised 
compounds 
In particular, the authors proposed changing the mobile phase organic solvent, the 
column and the mobile phase pH. They improved the resolution and peak spacing 
by adjusting the column temperature and by using gradient instead of isocratic 
runs. 
With this procedure they were able to develop methods for nine RPLC methods 
from six pharrnaceuticallaboratories. 
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RP-HPLC X RP-HPLC systems have also been used for polymer separations; the 
necessary selectivity differences were obtained with different columns and eluents. 
Trathnigg et al. [236, 237] analysed fatty acid methyl ester ethoxylates (FAMEEs), 
using a Zorbax 300 C18 column/85% aqueous methanol in the first dimension and 
a Prodigy ODS(3) column/acetone-water in the second dimension. 
The separation of oligostyrenes was achieved by Gray et al. [238, 239], and by 
Sweeney et al. [67, 240] (coupling off-line a C18 column/methanol system to a 
carbon-clad zirconia column/acetonitrile system). The same approach was then 
adapted for comprehensive analysis of isomers in a mixture ofoligostyrenes [241, 
242]. The first dimension C18 column allowed separation of the oligomers 
according to their molecular weight, whereas the carbon clad zirconia (CCZ) 
stationary phase used in the second dimension allowed the expression of the 
isomeric sample dimensionality. Although it is arguable that the carbon clad 
column is responsible for RP separation mechanisms (a surface electronic 
interaction would be a more accurate description), these systems are still classed as 
RP-HPLC x RP-HPLC. Gray et al. [243] developed a similar separation system, 
using C18 stationary phase with methanol as mobile phase in the first dimension 
and CCZ stationary phase with acetonitrile as mobile phase in the second 
dimension. They analysed 32 oligostyrene structural isomers and stereoisomers; 
they theoretically assessed the parameters that could give an optimum performing 
system (i.e. percent synentropy, orthogonality, peak capacity, etc), using 
Information Theory and Factor Analysis. 
RP-HPLC x RP-HPLC have also been used for other groups of analytes by Gilar et 
al. [244], Ikegami et al. [245], Venkatramani and Zelechonok [207], Opiteck et al. 
[220] and Holland and Jorgenson [219]. 
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1.6. Present study 
The current study sets out to characterise the OLA 81 (ethylene bis (propionyl 
oligo lactyl amide), (mean n = 10), and its process impurities by liquid 
chromatography and mass spectrometry. As it appeared that a two dimensional 
separation should be able to provide the required resolution of the oligomers and 
the different functional groups, this will be examined by two stages. 
a. Firstly, reversed-phase liquid chromatography (RP-HPLC) will be examined for 
its ability to determine the oligomeric distribution (chain length). 
b. A second separation method will be developed to achieve the head group 
distribution and to resolve the OLAs from other components of the sample such as 
cyclic impurities, using liquid chromatography at critical conditions (LCCC) in 
either normal-phase (NP-HPLC) or HILIC (hydrophilic interaction liquid 
chromatography). 
These methods will be examined with the intention of combining them into a 
comprehensive two dimensional separation so that compatibility of the mobile 
phase will be an important criterion. 
Because the OLAs have only a .limited chromophore and hence poor detectability, 
mass spectroscopy will be examined as the main detector which will have the 
advantage of providing a further orthogonal assay. 
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2. Experimental work 
2.1. Materials and reagents 
2.1.1. General chemicals 
Formic acid and trifluoroacetic acid (TFA) were purchased from Sigma, Poole, 
Dorset, UK. Acetonitrile (HPLC grade, Far UV), methanol (HPLC grade), THF 
(HPLC grade), n-hexane (analytical reagent grade) and ammonium formate were 
purchased from Fisher, Loughborough, UK. Acetone (HPLC grade) was from 
BDH, VWR International, Poole, UK. Water was de-ionized in-house, to 18.2 MQ 
using Elga Pure Water system (Elga, Wycombe, UK). 
2.1.2. Standard chemicals 
Samples of ethylene bis (propionyl oligo lactyl amide, nominally n=10) and their 
cyclic and linear impurities were provided by 3M Healthcare (St Paul, MN USA). 
Samples ofOLAs were prepared in acetonitrile or THF 
2.1.3. Mobile phases 
The mobile phases consisted of different ratios of the components listed in 
'general chemicals'. All mobile phases contained 0.1 % of either formic acid or 
trifluoroacetic acid. 
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2.1.4. Uracil solution (dead volume marker) 
Uracil was from Sigma (Poole, Dorset, UK). A 64 ~lg/ml uracil so lution was 
prepared in acetonitrile. 
2.1.5. Chromatographic columns 
Table 2. 1: Summary of chromatographic columns used fo r Le studies (the polar materials 
are highlighted in green) 
Column name 
Spherisorb C6 
Spheri sorb S5W 
Symmetry CIS 
Symmetry C4 
Eclipse XDB Cs 
Prodigy ODS (3) 
Phase type 
Hexyl 
Silica 
Octadecyl 
Butyl 
Octyl 
Octadecyl 
Dimension (mm) 
250 x 4.6mm 
150 x 2.0mm 
250 x 4.6 mm 
250 x 4.6 mm 
250 x 4.6 mm 
150 x 3.9 mm 
150 x 4.6 mm 
150 x 4.6 mm 
150 x 4.6 mm 
Pa l·ticle size (fll11) 
5 
3 
7 
10 
5 
5 
5 
5 
3 
Spheri sorb NH2 was purchased from Supe\co Inc, Sigma-Aldrich Company Ltd, 
Dorset, UK. 
Luna NH2 and Prod igy a DS (3) came fro m Phenomenex, Macclesfi eld, Cheshire, 
UK. 
Symmetry C 1S and Symmetry 300 ™ C4 co lumns were purchased from Waters, 
Manchester, UK. 
Zorbax CN and Spherisorb S5W were purchased from Phase Separations Ltd, 
Deeside, C lwyd, UK; at the time of writing, Phase Separations Ltd have become 
part of Waters, Manchester, UK. 
Spheri sorb C6 was from FSA Laboratory Supplies, Loughborough, UK; at the time 
of writing, FSA Laboratory Suppli es have become part of Thermo Fisher 
Scientific, Loughborough, UK. 
HP Zorbax Eclipse XDB-Cs was purchased fro m Agilent, UK. 
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2.2. Instrumentation and instrumental settings 
2.2.1. LCIUVD system 
A Le HPI090 series II (Hewlett-Packard, Waldbronn, Gennany) fitted with 
variable wavelength UV detector was used for some of the temperature related 
studies and some of the selectivity studies. When temperature studies were carried 
out the chromatographic columns were inserted in a Jasco 860 column oven (Great 
Dunmow, Cambridge, UK). All analysis were carried out in isocratic mode. 
The software was ChemStation (Pascal series). 
2.2.2. Fraction collector 
The fraction collector employed was Frac-l 00, from Pharmacia Fine Chemicals. 
2.2.3. LCIUVDIMSD system 
The LC/uVDIMS Quadrupole used was a HPllOO (Agilent Technologies, 
Waldbronn, Gennany), equipped with a UV detector. An atmospheric pressure 
chemical ionization source (APCI) (Agilent Technologies, Waldbronn, Gennany) 
was employed. An electrospray ionisation source (ESI) (Agilent Technologies, 
Waldbronn, Gennany) was also used. 
Software employed was ChemStation rev. B. 01.03. 
Quadrupole Mass spectrometer detector conditions were as follows: 
Ionisation mode: APCI 
Polarity: positive and negative; 
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Scan parameters: 100-2500; 
LC-MS interface settings: drying gas temperature = 3S0 cC, nitrogen drying gas 
flow = 10.0 IImin; 
Spray chamber: vaporizer temperature = 4S0 cC, nebuliser pressure = 4S psig, 
Capillary voltage (positive) = 4000 V, capillary voltage (negative) = 5S00 V, 
Corona (positive) = 10 !lA, Corona (negative) = 15 !lA. 
Ionisation mode: API-ESI 
Polarity: positive 
Scan Parameters: SO-2000 Mass range 
LC-MS interface settings: drying gas temperature = 3S0 cC, nitrogen drying gas 
flow = 8.0 l/min; 
Spray chamber: nebuliser pressure = 50 psig; Capillary voltage (positive) = 6000 
V. 
2.2.4. LCIMSD system 
A MS Ion trap Finnigan LTQ was employed (Thermo Electron Corporation, 
Hemel, Hempstead, Hertfordshire, UK), with Electrospray ionisation source 
(Thermo Electron Corporation, Hemel, Hempstead, Hertfordshire, UK), equipped 
with a Surveyor LC pump/autosampler. Software used was Finnigan XCalibur, 
High Chem Mass Frontier (XCALl-97113 rev. A). 
Ion trap Mass spectrometer conditions were as follows: 
Ionisation mode: ESI; 
Polarity: positive; 
Scan range: SO-2000; 
Sheath gas: 46; 
Auxiliary gas: IS; 
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Sweep gas: 5; 
Spray voltage: 5.50 kV; 
Capillary temperature: 180°C; 
Capillary voltage: 30 V; 
Tube lens: 65 V. 
2.2.5. LCIELSD system 
Experimental work 
A LC HPII00 (Agilent Technologies, Waldbronn, Gennany) equipped with a light 
scattering detector (PL-ELS 1000, Polymer Labs, Church Stretton, Shropshire, 
UK) was also used. 
Software employed was Varian Galaxie rev. 1.9.3.2. 
ELSD conditions were as follows: 
Evaporator: 95; 
Nebuliser: 70; 
T.line: 30; 
Gas flow rate: 1.7; 
Autozero offset: 0; 
Time const: O. 
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2.3. Experimental work on RP-HPLC 
2.3.1. Experimental procedure 
2.3.1.1. Mobile phase preparation 
Experimental work 
0.1 % fonnic acid in organic solvent or in water was prepared. Fonnic acid was 
chosen to favour ionisation during MS analysis. 
2.4. Experimental work on LCCC 
2.4.1. Experimental procedure 
2.4.1.1. Mobile phase preparation 
0.1 % fonnic acid in organic or in water was prepared. Fonnic acid was chosen to 
favour ionisation during MS analysis. Ammonium fonnate buffer was used over 
the 5-50 mM range. 5, 10, 15,20 and 50 mM ammonium fonnate solutions were 
prepared by dissolving respectively 0.32, 0.64, 0.96, 1.28 and 3.20 g of ammonium 
fonnate into a litre of deionised water, which contained 1 ml of concentrated 
fonnic acid. THF was mixed with MeCN over the 10-30% range. 
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2.5. Calculations 
The chromatographic retention factor, k was evaluated by using the following 
relationship: 
k= (t, - to) Equation 2.1 
to 
Where: 
t,: solute retention time (in minute); 
to: dead time (in minute, to= Vo (dead volume), when eluent flow rate= 1 ml/min). 
The chromatographic separations were evaluated by using the following resolution 
equation (half-width method): 
Rs= 1.176 Rt2 - RI! Equation 2.2 
Wlh+W2h 
Where: 
Rtz: retention time of second component; 
Rtl: retention time of first component; 
Wlh: width of first component at half peak height; 
W2h: width of second component at half peak height. 
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3. Results and Discussion: preliminary investigations 
3.1. Mass spectral analysis 
Mass spectroscopy was chosen as main fonn of detection, since OLA molecules 
do not have significant chromophores and UV detection in the low wavelength 
region would be impaired by mobile phase absorption. In addition, mass 
spectroscopy (MS) should provide high sensitivity, broad range, specificity and 
selectivity. Two fonns of ionisation were employed: electrospray ionisation (ESI) 
and atmospheric pressure chemical ionisation (APCI). 
3.1.1. Electrospray Ionisation, ESI MS data analysis 
Mass spectral interpretation of OLAs and their degradation products and 
impurities was achieved with the aid of Table 3.1 (table of molecular masses of 
OLAs and their related substances). 
The mass spectra obtained from ESI experiments are made up of: 
• A protonated molecular ion [M + H]+, 
• a doubly charged ion [M + 2H]2+, 
• an ion [M + 23t that can be attributed to sodium adduct fonnation [M + 
Na]+, 
• a doubly charged adduct ion [M + 2Na]2+. 
The detection of an [M + Hr ion in the positive ion mode is a result of the 
eiectrospray ionisation (ESI) process. Cationisation with alkali metal ions instead 
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of proton addition is also often observed when working in ESI, in the positive ion 
mode [246]. The sodium is derived from possible trace level presence in the water 
used as mobile phase or from glassware or column materials. Multiply charged 
molecular species ([M + nH]"+) are also common in ESI MS, particularly with 
compounds that have molecular weights larger than 1200 [246]. In the present 
study multiply charged species up to pentacharged ions were observed. 
Overall, the mass spectra present a series of pseudo molecular ions, with a regular 
molar mass increment of 72. This incremental value confirms the monomer 
repeating unit, which is typical of lactic oligomers (-OCOCHCH3-). Each OLA 
diamide diester (dd) oligomer was identified on the basis of the mass of its [M + 
Nat ion (Figure 3.la), and for large oligomers from its [M + Nat ion and [M + 
2Na]2+ion (Figure 3.1b), the latter being separated by 36 units. 
-70 -
Chapter 3 
'~ .t .,"" ~ 
~ 
; 
> .. "'7,2, .... U 70 "'. 
."" "'r ,07 •.•• "n .• " 
': 
$117,37 
; '0'''-''2 
~ 27l"a :1",f'," .572. N'~r"JU,' ?74.27 ,,3' .•• 125'"'' 
,~ 
~ 
; 
::. 
,. 
2."_~ ""·O(I.tZll '" 
-
r 
i.. 
- -
27 .•• «-4." 
1131,3. 
.o •• _u 
I03Ll 
.1 ~=r·l ~~',37 ~.~1"~ .204, •• 
-
,- ,,-
Results and Discussion: preliminary investigations 
~50,n 15",,70 ,e7,1 .• ' 
H20 •• • nr·.,3 '&2 U 
1308..' .U._I. '''',s,n '.~"3~ 
,- ,- ,-
,.nu ......... 
"'L:I.nu 
~~£f;;:::_.M 
~ •• , .un",. [ 
200_00.""""_0°1 
~~~-;:~!:: 
c •• '.u"m.! 
2<><>.004000.001 
.. Loa,.. .. 
;~":'~~-.. :~~~: 
••••• un~. [ 
:>0<100.200<) 001 
"L,a,nu 
~~O;>~3~y~:~!:: 
"u •• u"~.c 
20Q oo->tOO<> 001 
a 
..... ~L.-"'~~~:...~-""'-'-'.~'.~'~' _·~·~·~";""_""'..J......J""",-~"~"~·~·c....'~-I'~··CL_'~.L-~_.c.:.:L>.L.-'1J...L," •• ", •• NL'._ .... 
;g~o;>~~-.a~~!:: 
••• '.u"mo[ 
2<>0.00_2000.001 
b 
Figure 3.1: ESI mass spectra ofOLAs, obtained on Le-MS: Thermo Finnigan LTQ. Injection 
volume: 10 1'1; OLAs excipient solution concentration: 1082.0 J1g/ml; chromatographic 
column: Symmetry e, (150 x 4.6) mm,S I'm; mohile phase A: 0.1% formic acid in water, 
mobile phase B: 0.1 % formic acid in MeeN; starting conditions: 60% mobile phase B, taken 
to 70% in 25 min and then ramped to 100% at 30 min; Le now rate: 0.5 mVmin. a: mass 
spectra made up of ions [M + Nat; b: mass spectra made up of doubly charged ions [M + 
2Na)". 
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Mass Spectra in Figure 3.1A could be explained as coming from the oligomers as 
follows: 
915 = [dd + 23]+, corresponding to diamide diester n = 10; 
987 = [dd + 23]+, corresponding to diamide diester n = 11; 
1059 = [dd + 23]+, corresponding to diamide diester n = 12; 
1131 = [dd + 23]+, corresponding to diamide diester n = 13. 
Mass Spectra in Figure 3.lB could be explained as coming from the single and 
doubly charged ions oligomers as follows: 
1707, 1780 = [dd + 23t, corresponding to diamide diester adduct n = 21, 22; 
865, 901 = [dd + (2 x 23)]2+, corresponding to doubly charged diamide diester 
adducts n = 22, 23; 
1851, 1779 = [dd + 23]+, corresponding to diamide diesters n = 23, 22; 
937,902 = [dd + (2 x 23)]2+, corresponding to diamide diesters n = 24, 22; 
1923, 1995 = [dd + 23]+, corresponding to diamide diesters n = 24, 25; 
973,1009, 1045 = [dd + (2 x 23)]2+, corresponding to diamide diesters n = 25, 26, 
27. 
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The following OLAs chemical structures refer to the OLAs whose oligomeric 
masses are reported in Table 3.1. 
Diamide diester 
Diamide monoster 
Cyclic 
Free acid 
PropionylOLA 
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Table 3.1: Molecular masses of oligomers (of u repeat monomer units) ofOLAs excipient 
(diamide diester) and their related substances. 
n diamide diester diamide monoester Cyclic free acid pr·OLA 
244 188 72 90 146 
2 316 260 144 162 218 
3 388 332 216 234 290 
4 460 404 288 306 362 
5 532 476 360 378 434 
6 604 548 432 450 506 
7 676 620 504 522 578 
8 748 692 576 594 650 
9 820 764 648 666 722 
10 892 836 720 738 794 
11 964 908 792 810 866 
12 1036 980 864 882 938 
13 1108 1052 936 954 1010 
14 1180 1124 1008 1026 1082 
15 1252 1196 1080 1098 1154 
16 1324 1268 1152 1170 1226 
17 1396 1340 1224 1242 1298 
18 1468 1412 1296 1314 1370 
19 1540 1484 1368 1386 1442 
20 1612 1556 1440 1458 1514 
21 1684 1628 1512 1530 1586 
22 1756 1700 1584 1602 1658 
23 1828 1772 1656 1674 1730 
24 1900 1844 1728 1746 1802 
25 1972 1916 1800 1818 1874 
As the mass range of the Le·MS systems in use was limited to 2000, for species 
whose singly charged adduct ion was above that size only the multiply charged 
ions could be detected. For each of the nominal molecular ions there were also 
isotopic species, as shown in figure below: 
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Figure 3.2: Mass spectrum (expanded) of OLAs (n = 25), obtained on Le-MS: Thermo 
Finnigan LTQ. Injection volume: 10 Ill; OLAs excipient solution concentration: 1082.0 IIgfml; 
chromatographic conditions as for Figure 3.1. 
The spectra reported in Figure 3.2 show other ions of higher intensity (e. g. ca. 25 
% of the mlz 1995.54 ions at mlz 1994.58). These represent the molecules in 
which one 12C atom has been replaced by a I3C atom, because carbon has a 
naturally occurring isotope one atomic mass unit higher. 
The intensities of these isotopic ions relates to the relative abundance of the 
naturally occurring isotope (1.1 %) multiplied by the total number of carbon atoms 
in the molecule. The presence of an isotope signal one mass unit higher is an 
indication that the sample ions are singly charged (z = I). If the sample ions had 
been doubly charged, then the mlz values would only differ by 0.5 mass unit. 
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3.1.2. Atmospheric Pressure Chemical Ionisation, APCI MS data 
analysis 
In the APCI-MS spectra the detected ions could be either an ion [M - Hr, or an ion 
[M + Ht, according to whether negative or positive ionisation was chosen. 
Concurrent generation of positive and negative ion mass spectra enabled pr-OLAs 
and diamide diesters (dd) to be detected. This was possible because: 
• the amide functionality carried by dd, which supports the positive 
charge responsible for the APCI signal obtained under these 
conditions; 
• the carboxyl group in the pr-OLA, can readily lose a proton to give 
a negatively charged species. 
In the positive ionisation mode spectra for the cyclic and free acid impurities were 
also detected. 
Each OLA cyclic (cyc) oligomer and free acid oligomer was identified on the basis 
of the mass of its [M + Ht or [Mt ion (for example Figure 3.3), with the aid of 
Table3.1. 
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Figure 3.3: Mass spectrum (positive ionisation) obtained on: LC-MS: HP 1100, equipped with 
APCI source. Injection volume: 20 JlI; OLA cyclic solution concentration: 3000.0 JIg/m I; 
chromatographic column: Spherisorb NH2 column (250 x 4.6) mm, 5J1m, at 100% 0.1 % 
formic acid in acetonitrile, flow rate: 0.5 mVmin. MS of OLA cyclic series, with range of 
oligomer masses spanning from n = I (145) to n = 9 (649) and free acid series, with range of 
oligomer masses spanning from n = 10 (739) to n = 20 (1459). 
Mass Spectra in Figure 3.3 could be interpreted as follows: 
145 = [cyc + Ht, corresponding to cyclic n = 2; 
217 = [cyc + Ht, corresponding to cyclic n = 3; 
289 = [cyc + Ht, corresponding to cyclic n = 4; 
361 = [cyc + H]+, corresponding to cyclic n = 5; 
433 = [cyc + H]+, corresponding to cyclic n = 6; 
505 = [cyc + Ht, corresponding to cyclic n = 7; 
577 = [cyc + H]+, corresponding to cyclic n = 8; 
649 = [cyc + Ht, corresponding to cyclic n = 9; 
738 = [free acidt, corresponding to free acid n = 10; 
810 = [free acid]+, corresponding to free acid n = 11; 
882 = [free acid]+, corresponding to free acid n = 12; 
954 = [free acidt, corresponding to free acid n = 13; 
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1026 = [free acidt, corresponding to free acid n = 14; 
1098 = [free acid]+' corresponding to free acid n = 15; 
1386 = [free acid]+, corresponding to free acid n = 19; 
1458 = [free acid]+' corresponding to free acid n = 20. 
The 738,810,882 etc, peaks are possibly directly ionised species [Mt of the free 
acids. The 739, 811,883 etc, peaks are probably [M + Ht ions of the free acids. 
Each pr-OL oligomer was identified on the basis of the mass of its [M - Hr ion 
(Figure 3.4), with the aid ofTable 3.1. 
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Figure 3.4: Mass spectrum (negative ionisation) obtained on: LC-MS: HP II 00, equipped 
with APCI source. Injection volume: 5 Jll; OLA main excipient solution concentration: 520.0 
Jlg/ml; chromatographic column: Symmetry C 18 (150 x 3.9) mm, 5 Jlm; mobile phase: 60% 
0.1 % formic acid in THF/40% 0.1 % formic acid in water (isocratic run); flow rate: 0.5 
ml/min. MS ofpr-OLA series, with range of oligomer masses spanning from n = 1 (145) to n = 
16 (1225). 
Mass Spectra in Figure 3.4 could be explained as follows: 
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145 = [pr-OLA - Hr, corresponding to pr-OLA n = 1; 
217 = [pr-OLA - Hr, corresponding to pr-OLA n = 2; 
289 = [pr-OLA - Hr, corresponding to pr-OLA n = 3; 
361 = [pr-OLA - Hr, corresponding to pr-OLA n = 4; 
433 = [pr-OLA - Hr, corresponding to pr-OLA n = 5; 
505 = [pr-OLA - Hr, corresponding to pr-OLA n = 6; 
577 = [pr-OLA - Hr, corresponding to pr-OLA n = 7; 
649 = [pr-OLA - Hr, corresponding to pr-OLA n = 8; 
721 = [pr-OLA - Hr, corresponding to pr-OLA n = 9; 
793 = [pr-OLA - Hr, corresponding to pr-OLA n = 10; 
865 = [pr-OLA - Hr, corresponding to pr-OLA n = 11; 
937 = [pr-OLA - Hr, corresponding to pr-OLA n = 12; 
1009 = [pr-OLA - Hr, corresponding to pr-OLA n = 13; 
1081 = [pr-OLA - Hr, corresponding to pr-OLA n = 14; 
1153 = [pr-OLA - Hr, corresponding to pr-OLA n = 15; 
1225 = [pr-OLA - Hr, corresponding to pr-OLA n = 16. 
3.2. The oligomeric distribution approach by RP-HPLC 
In order to be able to characterise the composition oligomeric mixture of the OLAs 
and their impurities, it is necessary to examine: 
• the oligomeric distribution (or chain length, number of repeat units) and 
• the head group distribution. 
The initial hope was to combine these two requirements into a comprehensive two 
dimensional assay, in which one dimension would determine the oligomeric 
profile, based on a reversed-phase liquid chromatography (RP-HPLC) and the 
second orthogonal dimension would separate the oligomers, which had different 
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substituents and the impurities, such as the cyclic compounds. This dimension 
would probably use normal phase or HILIC separation. 
The investigation of the OLAs in terms of their chain length considered the 
following aspects which will be described in the following sections: 
• colnmn temperature; 
• stationary phase; 
• mobile phase. 
The initial aim was to obtain the isolation of specific fragments of the OLAs main 
component. The separation process principally used an hexyl column with an 
aqueous acetonitrile mobile phase. The resulting fractions were subsequently 
subjected to a second analysis using RP-HPLC-MS to determine the purity and 
resolution of the oligomers. Some of these fractions were then available for the 
LCCC method development (refer to later paragraph). Temperature related studies 
were investigated in aqueous mobile phases, eluting on a hexyl stationary phase 
(30-75 °C temperature range used) and on a CI8 colnmn (over a 30-60 °C 
temperature range). Butyl, hexyl, octyl and octadecyl materials were compared in 
terms of their retention capabilities for OLAs. Separation selectivity for the three 
more widely used organic modifiers in RP-HPLC, acetonitrile, THF and methanol, 
was investigated. 
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3.3. Preliminary investigations into OLAs characterisation 
3.3.1. Collection of OLAs fractions 
Because it can be difficult to work with a mixture of oligomers an initial study was 
carried out to obtain samples of individual identifiable oligomers which could be 
used to monitor changes in their relative positions. 
It must be also pointed out that since racemic mixtures of lactic acid were used as 
the starting materials for the oligomerisation, the final product is a racemic mixture 
of diastereoisomeric oligomers. Although aware of OLAs chirality, it was decided 
not to investigate this aspect. The original mixture of the OLAs ethylene bis 
(propionyl oligo lactyl amide) was reported to have a nominal mean value of n = 
10 lactic acid units. 
The RP-HPLC separation process used a C6 column with an aqueous acetonitrile 
mobile phase, which was chosen because it represents a typical RP-HPLC eluent 
and because OLAs are soluble in acetonitrile, so that sample diluent and mobile 
phase would be as close as possible to each other in terms of composition. 
A number of test runs was conducted in order to select a solvent gradient which 
would elute the more highly retained larger oligomers within reasonable time 
scale. 
The selected optimum separation ofOLAs into oligomers is shown in Figure 3.5: 
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Figure 3.5: Chromatog raphic sepa ra tion of 575.0 flg/ml OLAs solution, run on a Spherisorb 
C6 column; Mobile phase A: 95% water, 5% Aceton itril e, 0. 10/0 TFA; Mobile phase B: 950/0 
Acetonitrile, 50/0 water, 0.1 % TFAj Gradient starting from 40% mobile phase A a nd taken to 
200/0 in 25 min and to 00/0 in 30 mini UV: 210 nrn ; now ratc: I ml/min ; injection volume: 25 
fll. LC: HPII OO. The two arrows rep resent the sta rtin g and stopping points set to collect 
fra ctions, as ex plained in sect ion below. 
The base line drift observed in the chromatography was possibly due to a 
difference in absorption between mobi le phase A and mobi le phase B. 
A fraction collector was employed, to collect fract ions starting at 6 mm and 
stopping collecting at 16 min (as indicated by arrows in figure above). The 
collecting interval was of 30 sec and gave a total of 22 fractions, which were re-
examined by re-injection to confirm puri ty. Their chromatograms are reported in 
Appendix I and their retention values are compiled in Table 3.2. 
The fractions were then examined by MS (Table 3.2), to confinn that the RP-
HPLC separation had achieved an oligomeric separation (refer to Appendix I for 
mass spectra relevant to the 22 fractions). Most fractions contained only one or 
two oligomers, indicating a reasonably efficient resolution especially as the 
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fractionation had for simplicity been timed based rather than matching the 
collection to peaks intensities. 
Table 3.2: MS interpretation summary of OLAs fractions, with specific diamide diester 
oligomers (ofn repeat monomer units) assigned to nominal fractions, labelled 1-22. For mass 
spectra corresponding to individual fractions refer to Appendix 1. For oligomer masses refer 
to Table 3.1. 
Fraction Retention time (min) Oligomer, n= Oligomer, n= Oligomer, n= 
1 5.43 
2 5.40 
3 6.54 8 9 10 
4 6.98 9 10 11 
5 7.13 10 11 12 
6 7.67 11 12 13 
7 7.79 12 13 14 
8 8.28 14 15 
9 9.39 16 17 
10 10.29 15 16 17 
11 10.81 17 18 
12 11.07 18 19 20 
13 11.33 19 
14 11.87 20 
15 11.93 20 
16 12.53 21 22 
17 12.49 22 
18 13.04 22 23 
19 13.23 23 
20 13.52 24 
21 13.83 24 25 
22 13.92 25 
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3.3.2. Conclusions on RP-HPLC 'fractionation' ofOLAs 
From the MS analysis of the OLAs fractions it was possible to conclude that the 
RP-HPLC separation, using a C6 stationary phase and an aqueous acetonitrile 
mobile phase, was based on hydrophobic interactions, and had led to an oligomeric 
separation with elution in order of increasing size. The chain length distribution 
was therefore successfully targeted in RP-HPLC. These fractions were used in 
subsequent studies, when carrying out LCCC method development. 
During these preliminary experiments the column temperature was not controlled. 
Subsequently it was decided to monitor whether temperature variations could have 
an impact on OLAs retention selectivity. 
3.4. Further investigations into RP-HPLC: effects of column 
temperature on OLAs oligomeric distribution 
This study investigated the effects of temperature changes on the retention and 
elution order of OLA main components in aqueous/organic systems, with non 
polar columns. The stationary phases were a hexyl bonded material (30-75 °C 
temperature range used), and an octadecyl material (over a 30-60 °C temperature 
range). This line of investigation followed a study carried out by Vanhoenacker 
and Sandra [79] who observed a reversal in elution order of a mixture of oligomers 
when the temperature was increased from 20 to 100°C. At a certain temperature, 
critical conditions (CC) of elution had been achieved (Le. all the oligomers elute 
together as a single peak). 
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In the present study, with water/acetonitrile (with added formic acid to aid MS 
ionisation) a chain length di stribution separation (oligomeri c separation), 
controlled by hydrophobic interactions was achieved on a C6 column at 30 QC. 
The chromatogram obtained (Figure 3.6) is comparable to the earl ier separation at 
ambient temperature (Figure 3.5). Peaks 5, 7 and 10 contained respecti vely mainly 
n ~ 10, 11 , 12, n ~ 12, 13, 14 and n ~ 15, 16, 17 oligomers and were used to 
monitor retention changes. 
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Figure 3.6: Chromatogram for OLAs obta ined at 30 °C. LC: Hl' t090. UV: 210 nm. Inj ection 
volume: to Jll ; ma in excipient solution concent ra tion: 40.8 rug/mt; chro matogra phic column : 
Spherisorb C, (250 x 4.6) mm, 10 flm ; mobile phase: 40% 0.1 % formic acid in watcr/60% 
0.1% formic acid in McCN (isocratic run); fl ow ra te: 11111/min. 
On raising the temperature, the OLAs oligomer retentions decreased and the peaks 
shapes were sharper (up to 75 QC, Figure 3.7). The confirmation of the order of 
elution is shown by the mass spectral traces (Figure 3.8a at the low temperature 
and Figure 3.8b at the high temperature) . This decrease could be explained if 
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partition ing mechanisms took place. Because partition is an exothennic process, an 
increase in temperature generall y speaking wi ll lead to a decrease in retention. 
lUGHMW 
CHAINS 
Figure 3.7: C hromatogra m for OLAs obtain ed at 75°C. LC: HP 1090. UV: 210 nm. Injection 
volume: JO Ill ; main excipient solution co ncentration: 40.8 mg/ml; chro matographic column: 
Spheriso rb C, (250 x 4.6) mm , 10 Itm; mobile ph ase: 40% 0.1 % formic acid in water/60% 
0.1% formic acid in MeCN (isocratic run); flow rate: 1 mllmin. 
The opposite behaviour had been observed by Cho et Cl!. when analysing non-ionic 
surfactants. They reported an increase in retention of an alkyl chain and PEO 
copolymer when temperature was increased [86]. 
They suggested that sorption of the F AE to the stationary phase was energetically 
favourable for alkyl chains but unfavourable for PEO blocks, whi le it was 
entrop ically favourable for PEO blocks but unfavourable fo r alkyl chains. 
Increasing temperature led to an increase in retention of FAE with long PEO 
blocks. 
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Figure 3.8: ESI mass spectra of OLAs, obtained on LC-MS: Thermo Finnigan LTQ. Injection 
volume: 10 "I; OLAs excipient solution concentration: 1082.0 "glml; chromatographic 
column: Symmetry C, (150 x 4.6) mm,S "m; mobile phase A: 0.1 % formic acid in water, 
mobile phase B: 0.1 % formic acid in MeCN; starting conditions: 60% mobile phase B, taken 
to 70% in 25 min and then ramped to 100% at 30 min; LC flow rate: 0.5 mVmin. 
Temperature: 30°C in a and 75 °C in b. 
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The thennodynamics of the chromatographic process were investigated over the 
30-75 °C temperature range. 
The retention factors, k (for peaks 5, 7 and 10, numbered as Figure 3.6) were 
plotted against the reciprocal absolute temperature (Figure 3.9). 
... 
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1.0 +--~-~-~-~-~-~ 
2.80 2.90 3.00 3.10 3.20 3.30 3.40 
1fT (K) (x 1000) 
.kpeak5 
k peak 7 
xk peak 10 
Figure 3.9: van't Hoffplots for peaks 5,7 and 10, over the 30-75 °C range. LC: HP 1090. UV: 
210 nm. Injection volume: 10 1'1; OLAs main excipient solution concentration: 40.8 mglml; 
chromatographic column: Spheri,orb C, (250 x 4.6) mm, 10 I'm: mobile phase: 40% 0.1 % 
formic acid in water/60% 0.1% formic acid in MeCN (i,ocratic run); flow rate: I mVmin. 
Peak 5 corresponds to dd oligomers 10, 11 and 12, peak 7 to dd oligomers 12, 13 and 14, and 
peak 10 to dd oligomers 15, 16 and 17, as reported in Table 3.2. 
There was a systematic dependence between In k and liT. 
The three estimated straight lines (because of non-linear isothennic response) 
obtained from Figure 3.9 had the following equations: 
y= 2.96x-7.17 (for peak 5) Equation 3.1 
y= 4.27x-l0.57 (for peak 7) Equation 3.2 
y= 7.15x-18.11 (for peak 10) Equation 3.3. 
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The intercepts and the slopes of Equations 3.1, 3.2 and 3.3 were substituted in the 
van't Hoff relationship (Equation 1.6), to give the ~S and ~H values: 
1. ~H= -24.61 kJ/mol; ~S=- 59.61 JlKmol (for peak 5). 
2. ~H= -35.50 kJ/mol; ~S=- 87.88 JlKmol (for peak 7). 
3. ~H= -59.44 kJ/mol; ~S=- 150.57 JlKmol (for peak 10). 
These are not accurate values, because of the curved relationship between In k and 
lIT. 
Several authors [172-179] have used a plot of 6H versus 6S in investigations of 
separations mechanisms. From the slope in this plot they obtained the 
compensation temperature, i.e. the temperature at which 6H = ~S, which for a 
homopolymer is the same as the critical point (i.e. CC of elution). 
However, this is meaningful only if ~S and 6H changes are measured very close 
to the critical conditions. 
The mobile phase composition used in the present temperature-related experiments 
(40% 0.1% formic acid in water/60% 0.1% formic acid in MeCN) was too far 
from a composition that would allow oligomeric co-elution (i.e. CC), as shown by 
the oligomeric distribution in the above chromatograms. 
However, a theoretical calculation was followed, according to Trathnigg et al. 
[170] line of work. By plotting ~S against 6H (according to equation 1.6), Tc, the 
predicted compensation temperature, could be computed from the slope of y = 
0.38x-1.88 (graph shown in Figure 3.10), resulting Tc= 107°C. 
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Figure 3.10: Plot of AS versus AH for peaks 5, 7 and 10, over the 30-75 °C range. LC: HP 
1090. UV: 210 nm. Injection volume: 10 "I; OLA solution concentration: 40.8 mg/ml; 
chromatographic column: Spherisorb C. (250 x 4.6) mm, 10 "m; mobile phase: 40% 0.1 % 
formic acid in waler/60% 0.1 % formic acid in MeCN (isocratic run); flow rale: 1 mllmin. 
A compensation temperature of 107°C, at the conditions stated in Figure 3.6 could 
lead to critical conditions of elution (Le. all oligomers elute together as a single 
peak and the chain length selectivity disappears). However, it was decided not to 
increase the temperature up to 107 °C because of concern over the stability of the 
stationary phase. 
Temperature-related investigations were also carried out on a second reversed-
phase chromatographic system, employing an aqueous/organic eluent. 
A Symmetry Cl8 column was used, with a mobile phase consisting of 40% 0.1% 
formic acid in water/60% 0.1% formic acid in THF. Over the temperature range 
30-60 °C, the oligomers of different degrees of polymerisation merged into a 
single peak, as shown by the mass chromatograms (see examples in Figures 3.11 
and 3.16). The mass chromatograms showed that at the front of the main peak a 
minor peak was present (labelled as 'front' peak in figures below). 
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Figure 3.11: Mass chromatogram obtained at 30 ·C. Chromatographic conditions: LC-MS: 
HP 1100, equipped with APCI source. Injection volume: 5 Ill; OLA main excipient solution 
concentration: 520.0 lIg1ml; chromatographic column: Symmetry C18 (150 x 3.9) mm,S IIm; 
mobile phase: 60% 0.1% formic acid in THF/40% 0.1 % formic acid in water (isocratic run); 
flow rate: 0.5 mUmin. 
MS data (in negative ionisation mode) identified pr-OLA oligomers and free acid 
oligomers in the peak at the front of the main peak (see Figure 3.12 for mass 
spectrum of 'front' peak). Each pr-OLA oligomer and free acid oligomer was 
identified on the basis of the mass of its [M - Hr ion, with the aid of Table 3.1. 
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Figure 3.12: Mass spectrum (negative ionisation) obtained at 30 'C, relative to 'front' peak in 
Figure 3.lt (time: 2.79-3.13 min); OLA main excipient solution concentration: 520.0 /lglml. 
Chromatographic conditions as for Figure 3.lt. 
MS data analysis identified pr-OLA oligomers in the main peak of chromatogram 
reported in Figure 3.11 (see Figure 3.\3 for mass spectrum from the main peak): 
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Figure 3.13: Mass spectrum (negative ionisation) obtained at 30 'C, of main peak in Figure 
3.lt (time: 8.65-9.24 min); OLA main excipient solution concentration: 520.0 /lglml. 
Chromatographic conditions as for Figure 3.11. MS of pr-OLA series, with range of oligomer 
masses spanning from n = 1 (145) to n = 16 (1225). 
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Furthermore, MS data (see Figure 3.14) showed the smaller pr-OLA oJigomers 
eluting at the front of the larger pr-OLA oJigomers: 
WSO''''',E''''''''''"'''<C",,"'"l>.. "U"""" '''0'"'>'01.>_0, • .." .......... '''''200,_ .... 
,...oLA •• "IS. RTo t,55 
,,-OLA. n" I1 RT. Ul 
Figure 3.14: EICs corresponding to pr-OLA oligomers, obtained at 30 'C. Chromatographic 
conditions as for Figure 3.lt. OLA solution concentration: 520.0 /lg/ml. 
Increasing temperature, up to 60 QC led to a sharper chromatography, as shown by 
Figure 3.15: 
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Figure 3.15: Mass chromatogram obtained at 60 'C. Chromatographic conditions as reported 
in Figure 3.11. OLA solution concentration: 520.0 "glml. 
However, the oligomeric elution order ofpr-OLA was not affected by temperature 
changes, as shown by EICs obtained at 60°C, where the smaller oligomers are 
eluting in front of the larger oligomers: 
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Figure 3.16: EICs relative to pr-OLA oligomers, obtained at 60 'C. Chromatographic 
conditions as for Figure 3.11. OLA solution concentration: 520.0 )lg/ml. 
Gradual temperature increases decreased the retention time of pr-OLAs, see Figure 
3.17. This is expected reduction in retention with increased temperature. 
Data for the CI8 material were in disagreement with results obtained by Cho et al. 
[86] and Vanhoenacker and Sandra [79] who had suggested changes of elution 
order of oligomers on temperature variations. 
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Figure 3.17: Temperature effect on retention of pr-OLAs, over the 30-60 °C range, for a C18 
column with waterffHF mobile phase. OLA main excipient solution concentration: 520.0 
Jlg/ml. Chromatographic conditions as reported in Figure 3.11. 
The results of the temperature studies were that although a temperature range up to 
75°C was examined and an attempt to predict whether CC of elution for OLAs 
could be achieved by means of temperature variations was made, the predicted 
value was outside the feasible range of operation for the columns that were being 
used. 
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3.5. Further investigations into RP-HPLC: effects of mobile phase 
composition on OLAs retention 
Another important parameter that needed consideration was the choice of organic 
so lvent in the mobile phase. Acetonitrile was the first organic so lvent chosen. 
Subsequently it was decided to monitor whether THF/water and acetonitril e 
(M eCN)/water could have an impact on OLAs retention selecti vity, using a 
Spheri sorb C6 column. 
Aqueous THF and aqueous MeCN, on a Spheri sorb C6 column, provided similar 
retention mechanisms fo r OLAs dd: reduced retention values with increasing 
organic percentage (as summari sed in F igure 3. 18). 
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Figure 3.18: Elution of 40.8 mglml OLA dd so lulion ; LC: HP 1090; UV: 210 nm; Mobile 
phase A: 0.1% formic acid in waler; Mobile phase B: 0.1% formic acid in THF or in MeC N 
(delivered in isocralic mod e). Injeclion volume: 25 fil ; now rale: 1 ml/ min. Column: 
Spherisorb C, (250 x 4.6) mm, 10fim. 
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From the above chart it can be said that THF was a stronger eluent than MeCN fo r 
OLAs eluting on a C6 material, as it would be expected from its higher strength in 
the eluotropic series. 
During this experiment, OLA cyclic impurities could not be detected , possibly 
because these structures do not have chromophores, making VV detection 
problematic. For this reason ELSD was employed as an alternative form of 
detection to VV. ELSD is a lso typically used in polymer and oligomer analys is 
[98, 247-249]. In the course of this experimental work aqueous methanol was used 
as eluent. 
The analysis ofOLAs dd is shown in Figure 3. 19: 
RT[rri 
4 6 6 10 12 14 16 IS 20 n ~ ~ 28 m ~ ~ 
Figure 3.19: Elution of 5415 ~g/ml OLA dd solution ; LC/ELSD: HP lIOO! PL-ELS 1000; 
Mobile phase A: water; Mobile phase B: MeOH; starting conditions: 60% mobile phase B, 
taken to 70% in 25 min and then ramped to 100% at 30 min . Injection volume: 10 ~I ; now 
rate: I ml/min. Column: Spherisorb C, (250 x 4.6) mm , 10,.m. ELSD conditions as stated in 
paragraph 2.2.5. 
Although the ELSD cond itions were optimised (i. e. flow rate of the carrier gas, 
temperature of evaporator and temperature of nebuliser) , its sensitivity was poor, 
and a very highly concentrated solution of OLAs dd had to be injected (about 100 
times more concentrated than when using VV and 5 times more concentrated than 
when using MS). 
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The ELSD response to the OLA cyclic impurities was non-existing, regardless of 
the efforts made towards the optimisation of the detector conditions. 
A typical profil e obtained upon injection of cyclic solution is presented in Figure 
3.20: 
7 
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o 2 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 
Figure 3.20: Elution of 300 I'g/ml OLA cycl ic solution; LC/ELSD: HP 1I OO/ PL- ELS 1000; 
Mobile phase A: water; Mobile phase B: MeOH ; starting conditions: 600/0 mo bile phase B, 
taken to 70% in 25 min and then ramped to 100% a l 30 min . Injection volume: 10 fll ; flow 
rate: I mllmin. Column : Spherisorb C, (250 x 4.6) mm , 101'111. ELSD conditions as staled in 
paragraph 2.2.5. 
In a study carried out by Trathnigg et af. [250] , it was demonstrated that lower 
oligomers of fatty alcohol ethoxylates (n < 4) had very small response fac tors and 
lower fatty alcohols « C14) were not detected at all. This could have been due to 
the ELS D des ign, as more modern systems can handle fa irly vo latil e analytes . 
Given the PL-ELS 1000 used in the current study and the vaporisation temperature 
(95 QC) needed to evaporate the eluent, it could have been possible that thi s system 
could not handle the vo latil e cyclic OLAs. 
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3.6. Conclusions on the oligomeric distribution approach of OLAs 
by RP-HPLC 
The first dimension separation of OLAs on the basis of chain length was 
accomplished in RP-HPLC, using a C6 stationary phase and an aqueous 
acetonitrile mobile phase. The oligomers elution was in tenllS of increasing size: 
smaller oligomers eluted before larger oligomers and the order was unaffected by 
the analytical temperature. As temperature increased, a decrease in retention of all 
OLAs ol igomers was observed. Similar results were found on a C I8 column. 
THF and MeCN were compared, as organic components of mobile phases for 
eluting OLAs; this comparison resu lted in no changes in order of elution. From 
this investigation it can be said that THF was a stronger eluent than MeCN for 
OLAs eluting on a C6 material. 
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4. Results and Discussion: the head group distribution 
approached by LCCC 
The next step towards a two-dimensional ana lysis of OLAs was the investigation 
of the head/tail group distribution by LCCC. 
If the critical conditions (LCCC) (see section 1.2.6) for an oligomeric series can be 
achieved then the effect of differences in the oligomeric chain length will be 
negligible and all oligomers with the same functionality should elute together, so 
that compounds with different functionalities are separated. 
4.1. LCCC method development 
4.1.1. Experimental approach in LCCC 
The fo llowing aspects were examined to achieve LCCC: 
• Effects of column temperature; 
• Effects of stationary phase; 
• Effects of mobile phase; 
• Effects of buffer salt concentration. 
Following the approach of Cools et af. [1 68] the retention times of three OLAs 
fractions (from Section 3.3 .1 , containing predominately n = 8, 13, and 18), were 
measured on a Spherisorb C6 column with different eluents starting from 60 % 
(0. 1 % TFA in MeCN) and adding an increasing percentage of 0. 1 % TFA in water 
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(namely the ' non-solvent ' ). After each change in percentage of non-solvent the 
system was equi li brated by eluting mobile phase at I mllmin for about 30 minutes. 
By plotting the retention time versus percentage of non-solvent (water), fo r each 
fraction, the predicted criti cal point was calculated as the intersection point of the 
three curves (see fi gure below). This is the composition at which the three 
oligomers would be predicted to have the same elution time. 
~ 20 
c:: 18 
E 16 
~ 
Q) 14 
E 12 
-
10 
c:: 8 
0 6 
-c:: 4 Q) 
2 
-Q) 0 0:: 
• 
% mobile phase A (water+ TFA) 
• oligomer 18 
• ol igomer 13 
.. oligomer8 
Figure 4.1: Elution o f th ree OLA o ligo mers a t different mobile phase composit ion; 
Spheriso rb e 6 column (250 x 4.6) mm , 10 flm ; waterlMeeN mobile phase; Inj ection volum e: 
10 It I. UV: 21 0 nm ; fl ow ra te: I ml/min . Le -MS: HP II OO, eq ui pped with ES I sou rce. Th e 
a rrow indicates the composition at which th e th ree o ligomers are predicted to have the sa me 
e lu tion time. 
The intersection point corresponded to 26% mobile phase A, but the corresponding 
retention time was approx imately 3 min, which was very close to that of the void 
volume of to= 3. 16 min (retention time fo r a 10 III inj ection volume of 64 l1g1ml 
uracil so lution). This means that under these conditions the three oligomers 8, 13 
and 18 are not retained, ind icating that thi s approach is probably not suitable fo r 
oligomers of relati vely low molecular mass, such as OLAs; it was however 
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examined in a little more detail as it might have produced separation from the 
different head groups. 
4.1.2. LCCC: from method development to preliminary investigations 
In an attempt to separate OLAs from their cycl ic impurities, some preliminary 
experiments were run with the dd (d iarn ide diester) oligomeric mixture and the 
cyc lic impurities mixture (inj ected in separate runs), at the critical conditions 
extrapolated from Figure 4.1. The chromatographic system represented by the C6 
column with 26% mobile phase A (0. 1 % TFA in water) and 74% mobile phase B 
(0.1 % TF A in aceto ni trile), caused oligomeri c co-elution of the OLAs dd at 5.6 
min, and oligomeric co-elution of their cyc lic impurities at 5.5 min. Fig 4.2 
represents single ion chromatograms, showing three representative o ligomers of 
each material with equal retention values. 
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Figure 4.2: single ion chrom atograms (S IC), obtained on LC-MS: HPI 100, equipped with 
APCI source (on the left) and LC-MS: Thermo Finniga n LTQ, equipped with ES I source (on 
the righl). Injection volume: 10111; OLAs dd excipient solution concentration: 1082.0 I1g/ml, 
S IC on the left ; OLA cyclic solution concentration: 42 I1g/ml, S IC on th e right; 
chromatographic column: Spherisorb C, (2 50 x 4.6) mm , 10 I1m ; 26% mobile phase A (0.1% 
TFA in water), 74% mobile phase B (0. I % TFA in MeCN); LC now rate: 0.5 ml/ min . 
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The three dd oligomers, represented on the left-hand side of Figure 4.2 were 
identi fi ed on the basis of Table 3. 1 and the fo llowing: 
1109 = [dd + Hr, corresponded to diamide diester n = 13 (labe lled 01 igomer D in 
Figure 4.2); 
1325 = [dd + Hr, corresponded to diamide diester n = 16 (labell ed oligomer E in 
Figure 4.2); 
1613 = [dd + Hr, corresponded to diamide diester n = 20 (labelled oligomer F in 
Figure 4.2). 
The three cyclic oligomers, represented on the ri ght-hand side of Figure 4.2 were 
identified on the bas is of Table 3. 1 and the fo llowing: 
455 = [cyc + 23r, con'esponded to cyclic n = 6; 
527 = [cyc + 23r, corresponded to cyclic n = 7; 
599 = [cyc + 23r, corresponded to cyclic n = 8 
At the conditions reported above, the dd excipients and their cycl ic impuriti es 
could not be resolved. Other parameters that could affect selectivity and that could 
lead to OLAs separation in terms of their head groups were therefore investigated. 
In the next section, the effects of stationary phase and mobile phase on OLAs 
functional groups separation selectivity wi ll be investigated. 
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4.2. Discussion of the effects of stationary phase, column 
temperature and mobile phase polarity on OLAs functional 
groups selectivity 
Because there was little retention at the critical conditions on the hydrophobic C6 
material, alternative selectivities were examined on amino and cyano phases, 
materials traditionally used 111 NP-HPLC and hydrophilic interaction 
chromatography (HILIC). Since HILIC has been shown to be successful for the 
study of polar compounds [1 20] and since the aim of the current study was to 
target the polar functional groups of OLAs, it appeared that polar columns might 
lead to suitable retentions. HILIC and NP-HPLC mobile phases systems were 
therefore examined at different temperatures to see if critical conditions could be 
obtained. 
4.2.1. Retention of OLAs on cyano and amino materials in NP-HPLC 
systems: a quest for LCCC 
The first aspect was attempted to find the cri tical solvent composition in NP-
HPLC systems, which could result in the separation of functional amides and their 
non-functional amide cyclic components. A range of organic solvents was 
considered, on the basis of their di ffe rent influences on sol ute-solvent interactions; 
subsequently, the combined effect of the mobile phase polarity and the solvation of 
OLAs offered by aqueous/organic solvents was examined. Acetone, THF and n-
hexane were considered because of their differences in dipole moment (see table 
below for polarity values) and therefore differences in selectivity . 
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Table 4.1: List of so lvents and their dipole moment and dielectric constant values. Taken 
from http: //www.usm.mainc.cdu 
Name 
water 
MeCN 
Acetone 
THF 
hexane 
Dipole moment 
1.85 
3.92 
2.88 
1.63 
Dielectric constant 
80 
36.6 
2 1 
7.52 
2.02 
Additionally, temperature can reduce the selectivity between o ligomers with 
different chain lengths. At the ' critical' temperature no o ligomeric separation takes 
place and functional entiti es can be di fferentiated. In an attempt to find 'critical' 
temperature, the column temperature was graduall y increased and changes in the 
retention and elution order of OLA dd excipients were monitored. The stationary 
phases employed were a polar amino materi al (30-80 °C temperature range used) 
and a silica sorbent (30-55 °C temperature range used), typical NP-HPLC 
materi als. Non-aqueous organic so lvents were used as eluents. 
4.2.1.1. Cyano bonded material 
Separation between OLA diamide diester (dd) excipients and cyC\ics, was 
examined in terms of the number of head-groups (where the cyclics do not have 
head groups) on a cyano bonded stationary phase . The starting mobile phase was 
100% acetollitrile. The mobile phase polarity was altered by gradually introducing 
(in isocratic runs) respectively 10, 20 and 30% of n-hexane, in an attempt to find 
the critical so lvent composition and cyclic and diamide diester components were 
identified on the basis of their mass spectra. At 100% acetonitrile and 0.1 % formic 
acid, cyclics and dd excipients co-eluted, at approximately 5.5 min , (F igure 4.3, 
representing the overlaid chromatograms, with cyc\ics labelled as ' cyc' and 
diamide diester labelled as ' dd '): 
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Figure 4.3: Overlaid mass chromatogra ms, obta ined with Zorbax cya no column (250 x 4.6) 
mm , 7J1m , at 100% 0.1 % formic acid in MeCN (positive ionisation, each sig nal in full sca le). 
Inj ection volu me: 20 Ill ; now rate: 0.5 ml/ min . Cyclic 3000 " g/lDl solution, diamid. dies ter 50 
"g/ml. Retention time: 5.5 min. LC-MS: HPIIOO, eq uipped wilh APC I source. 
AI 90% acetonitrile/ IO% n-hexane, the two components were not completely 
overlapped, with cycl ics eluting at 5.5 1 min and dd eluting at 5.80 min (Figure 
4.4). 
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Figure 4.4: Overlaid mass chromatograms, obtained with Zorbax cyano column (250 x 4.6) 
mm , 7Jlm , at 900/0 0.1% formic ac id in MeCN/ IO % n-hexa ne (posit ive ionisa tion, each signal 
in rull sca le). Inject ion volume: 20 !l1 ; now rate: 0.5 ml/min. Cyclic 3000 " g/ml solution, 
diamide diester 50 " g/ml. LC-MS: HPIIOO, eq uipped with APCI source. 
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At 80% acetonitrile/20% n-hexane, the resolution of cycl ics and dd excipients 
decreased (Figure 4.5), with retention values of 5.82 min for dd and 5.02 min for 
cyclics. The peak due to the cyclic component showed pronounced tailing, and 
therefore having a detrimental effect on the resolution. At a later stage in the 
overall study it was discovered that the tai ling was possibly due to the fact that the 
cycl ic material consists of cyclics and long chain free acid OLAs [3] . This aspect 
will be di scussed more in detail in chapter 6. 
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Figure 4.5: Overlaid mass chromatogra ms, obtained with Zorbax cyano column (250 x 4.6) 
mm , 7~lm , 20% n-hexane, 80% 0.10/0 formic acid in MeCN (positive ionisation, each signal in 
rull scale). Injection volume: 20 ftl; now rate: 0.5 ml/min . Cycl ic 3000 fig/ml solution, diamide 
diester 50 fig/m!. Dd retention time: 5.82 min, cyclic retention time: 5.02 min. LC-MS: 
HPIIOO, equipped with APCI sou rce. 
At 70% acetoni tril e/30% n-hexane, a very poor chromatography was obtained, 
with very broad dd (RT= 6.24 min) and cyclics peak (RT= 5.35 min), as shown in 
Figure 4.6. The observed ' poor-quality' for the total ion chromatograms (TICs), 
could be due to a decrease in the ionisation efficiency with increased modifiers; a 
similar effect was reported by Montaudo and Lattimer for polymer analysis [183]. 
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Figure 4.6: Overlaid mass chro matogra ms, obta ined with Zorbax cya no column (250 x 4.6) 
mm , 7J1m, 30% n-hexa ne, 70% 0.1% formic ac id in MeCN (posit ive ionisation , each signal in 
rull sca le). Injection volume: 20 ~tl ; now rate: 0.5 ml/min. Cyclic 3000 "g/ml solution, diamide 
diester 50 "g/ml. LC-MS: HPIIOO, eq uipped with APC I source. 
These changes in mobi le phase polari ty did not lead to a 'systemat ic trend ' in 
terms of retention selectivity for cycl ics and diamide diester components. 
However, the cyclic impurities were consistently eluting in front of the dd . MS 
monitoring of elution profi les of individual OLA ol igomers was used to investigate 
the effect of the chain lengths of the OLAs on the elution behaviour. 
At 100% acetonitri le the longer chains were eluted in fron t of smaller chains; thi s 
elution order was unaffected by n-hexane add ition. Figure 4.7 and Figure 4.8 show 
the elution order for dd and cyclic oligomers, respectively, at 80% acetonitrile 
20% n-hexane. 
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Figure 4.7: EIC (posit ive mode) for 50 mcg/ml OLA dd solution relative to Zorbax cyano 
column (250 x 4.6) 111111 , 7fi 111 , 20% n-hexane/80% 0.1 % formic ac id in MeCN. LC-MS: 
HPIIOO, eq uipped with APCI source. Injection volume: 20 Ill ; now rate: 0.5 ml/ min. EICs 
corresponding to dd, n ~ 23, 15 and 12. 
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Figure 4.8: EIC (positive mode) for 3000 mcglm l OLA cyc lic solu tion relative to Zorbax 
cyano column (250 x 4.6) mm, 7fim , 20% n-hexane/80% 0.1 % formi c acid in MeCN. LC-MS: 
HPIIOO, equipped with APCI source. Inj ection volume: 20 fil ; now rate: 0.5 ml/min. EICs 
correspond ing to cyc, n = 8, 6 and 4. 
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From the selected mass chromatograms reported above it was also observed that 
the various oligomers had similar, but not exactl y the same, retention times. In 
order to fu rther confirm the oligomeri c suppression, selected mass chromatograms 
of 7 sequential dd oligomers were measured (Figure 4.9). 
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Figure 4.9: EIC (positive mode) for 50 meglml OLA solution re la tive to Zorbax eya no column 
(250 x 4.6) mm, 7f1m , 20% n-hexa ne/80% 0.1 % formic acid in MeCN. LC-MS: HPt tOO, 
equipped with APCI sou rce. tnjection volume: 20 fll ; now rate: 0.5 ml/min. EICs 
corresponding to dd, n = t3, t 4, IS, t 6, 17, 18 and t9. 
It can be seen that the retention time of the selected oligomers decreased slightly 
with increasing molecular weight,Cfrom 5.80 min to 5.50 min for diamide diester 
with n increasing from 13 to 19). This variation in retention values indicated a 
sl ight adsorption effect of OLA dd excipients, so that the conditions of elution 
were not perfectl y critical. This was a lso true for the cyclic components CFigure 
4.1 0). The retention times of the se lected oligomers decreased slightly wi th 
increasing molecular weight (from 5.33 min to 5.06 min with n increasing from 2 
to 7). A decrease in retention with increasing chain length was also observed by 
l andera et al. [92] when analysing ethoxylated alcohols on silica and amino 
columns with 2-propanol in n-hexane as mobile phase 
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Figure 4. 10: EIC (positive mode) for 3000 mcg/ml cyclic solu tion relative to Zorbax cyano 
column (250 x 4.6) mm, 7ftm, 20 % n-hexane/BO% 0.1 % formic acid in MeCN. LC-MS: 
HPIIOO, equipped with APC I source. Inj ection volum e: 20 ftl ; flow rate: 0.5 ml/min. EICs 
corresponding to eye, n = 2-7. 
The conclusion from this approach on the cyano column was that although near to 
critical conditions were obtained, there was incomplete separation of the dd and 
cyc oligomers on the cyano column wi th acetonitrile/n-hexane; an amino column 
was then examined. 
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4.2.1.2. Amino bonded material 
Separation between OLAs main oligomers and cyclics, in terms of their head-
groups was investigated in a chromatographic system consisting o f an amino 
stationary phase . The starting mobile phase was 100% acetoni trile. The mobile 
phase polarity was altered by gradually introducing (in isocratic runs) respecti vely 
10, 20 and 30% of n-hexane. Standard solutions consisting of OLA dd oligomers 
(diamide diester) and their cyclic impurities were injected separately in indi vidual 
runs 
At 100% acetonitrile, the dd ol igomers eluted after 5.87 mm, and the cyclics 
retention time was 5.52 min, resulting in partial overl apping of the two peaks, as 
shown in Figure 4. 11 : 
-
Figure 4. 11 : Overlaid mass chromatograms, with eyelies labelled 'eye' and diamide diester 
labelled ' dd ', obtained with the Spherisorb amino column (250 x 4.6) mm, S I'm, at 100% 
0.1 % formic acid in MeCN (positive ionisation, each signal in full scale). Injection volume: 20 
1'1 ; now rate: 0.5 ml/min . Cyclic 3000 I'g/ml solution, diamide diester 50 I'g/ml. LC-MS: 
HPIIOO, equipped with APC I source. 
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At 90% acetonitrilell 0% n-hexane, cycl ics eluted at 5.51 min and dd oligomers 
eluted at 6.19 min (Figure 4. 12), with resolution, Rs, of 0.8. 
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Figure 4. 12: Overlaid mass chromatog rams of dd and eye oligo mcrs, obtained with the 
Sp heriso rb amin o column (250 x 4.6) mm, S pm , at 100/0 n-hcxa ne/90 D/o 0.1 % formic acid in 
McCN (positive ionisation, each signal in full sca le). Injection volume: 20 ~LI ; fl ow rate: 0.5 
rnl/rnin, Cyclic 3000 fig/m I solution, diarnide diester 50 fig/m I. LC-MS: HPIIOO, equipped 
with APCI source. 
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Further increase of n-hexane percentage in the mobile phase to 20% lead to a 
further decrease in retention times: the dd oligomers (5.82 min), and the cyclics 
(5.37 min), but no improvement in the resolution (see Figure 4.13). 
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Figure 4.13: Overlaid mass chromatograms of dd and eye oligomc rs, on a Spherisorb am ino 
column (250 x 4.6) .nm, 5 ~m, at 80% 0.1 % form ic acid in McCNI20% "-hexane (positive 
ionisation , each signa l in fu ll sca le). Injection volume: 20 .... 1; now rate: 0.5 mUm in. Cyclic 
3000 'Ig/ml solution , diamidc diester 50 'Ig/m!. LC-MS: HP1 100, equipped with APC I source. 
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The further increase to 30% n-hexane caused the two components to elute at 6.18 
min (dd) and 5.42 min (cyc), but also to broaden and to reduce the resolution 
(Figure 4.14): 
Figure 4.14: Overlaid mass chromatog rams of dd and eye oligo mers, obtained with the 
Spherisorb amin o column (250 x 4.6) mm,S ftm , at 70% 0.1 % formic acid in MeCN/30% n-
hexane (negative ionisation, each sig nal in full scale). Injection vo lume: 20 ~ll ; flow rate: 0.5 
ml/min. Cyclic 3000 fig/ml solution, diamide diester 50 fig/m!. LC-MS: HPIIOO, equipped 
with APCI source. 
The decrease of mobile phase polarity (brought about by n-hexane add ition to 
acetonitrile) did not lead to a ' trend ' in terms of retention selectivity for cyclics 
and diamide diester components. However, the cyclic impuriti es were consistently 
eluting in front of the dd , which led to the conclusion that the dd oligomers were 
more polar than the cycl ic impurities . 
MS analysis allowed the elution order of individual diamide diester and cyclic 
oligomers to be monitored. With the mobile phase of 100% acetonitrile, in both 
cases, longer chains were eluted before shorter chains (Figure 4.15 and Figure 
4.1 6). 
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Figure 4. 15: EICs (pos itive mode) fo r 50 mcg/ml OLA dd excipient solut ion on a S phe r iso rb 
amino column (250 x 4.6) mm, S Jam, 100% 0.1 % formic acid in M eCN, (positive ionisa tion, 
eac h signll l in full sca le)_ Inj ectio n vo lum e: 20 ftl ; now ra te: 0.5 ml/m in. LC- MS: HPI IOO, 
equipped with APC I source. 
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Figure 4.1 6: EICs (positive mode) for 50 mcg/ml OLA cyclic solut ion rela tive to S phe risorb 
am ino column (250 x 4.6) mm , 5 Jlm, 100%) 0.10/0 for mic acid in MeCN, (positive ionisat ion, 
each s igna l in fu ll sca le)_ Injection volume: 20 ftl ; now r a te: 0.5 ml/ min_ LC-MS : H P I IOO, 
equipped with APC I source. 
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The same phenomenon was observed at 90% acetonitrile/ IO% n-hexane, with 
larger ol igomers eluting before smaller oligomers. The mass dependent elution 
behaviour of OLAs was not affected by addition of n-hexane (up to 30%) to 
acetonitrile in the mobile phase. From the extracted ion chromatograms (El Cs) 
relative to OLAs dd excipient (Figure 4.17), it can be seen that the retention time 
of the selected oligomers decreased slightly with increasing molecular weight 
(from 6.57 min to 6.09 min for diamide diester with n increasing from 13 to 19). 
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Figure 4.17: EIC (positive mode) for 50 mcg/ml OLA solution re lative to Spherisorb amino 
column (250 x 4.6) mm , 5 ~Im. 10% n-hexane/90% 0. 1% formic acid in MeCN Injection 
volume: 20 ~II ; now rate: 0.5 ml/min. LC-MS: HPIIOO, equipped with APCI source. 
This variation in retention values indicated a slight adsorption effect of OLA main 
excipients, so that the conditions of elution were not perfectly critical. This was 
also true for the cyclic components. From the extracted ion chromatograms (El Cs) 
relative to OLAs cycl ic impurities (Figure 4.1 8), it can be seen that the retention 
time of the selected oligomers decreased slightly with increasing molecular weight 
(from 5.70 min to 5.62 min with n increasing from 2 to 7). 
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Figure 4.18: EIC (pos itive mode) for 3000 mcglml cyclic solution relative to Spheriso rb a mino 
column (250 x 4.6) mm , 5 flm. 10% n-hexa lle/90% 0.1 % formic acid in MeCN Inj ection 
volume: 20 f11 ; now rate: 0.5 mllmin. LC-MS: HPII OO, eq uipped with APCI source. 
In the light of the results obtained using the amino material and n-
hexane/acetonitrile as mobi le phase, it was concluded that thi s approach would not 
lead to a suitable system for OLAs characterisation. Although separation between 
main excipient and cycl ics, in terms of their head-groups took place, the two peaks 
were insufficiently resolved and the Le conditions were not ' perfectly critical' . 
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4.2.1.2.1. The effect of coupling two amino columns on resolution of OLAs 
In order to increase the resolution between the two groups, two amino bonded 
columns were coupled together in an attempt to maximize the resolution between 
the diamide diester and their cyclic o ligomers. Standard solutions consisting of 
OLA oligomers (diamide diester) and their cyclic impurities were injected 
separately in individual runs. 
At 100% acetonitrile, the cyclics eluted at 6.30 min and dd oligomers eluted at 
6.80 min, resulting in partial overlapping of the two peaks (Figure 4. I 9) . 
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Figure 4.19: Overlaid mass chromatograms (expanded), (representing the overlaid 
chromatograms, with cyclics labelled as 'eye' and diamid c diester labelled as 'dd'), obtained 
with NH2-NH2 columns, Spherisorb (250 x 4.6) mm, 5f,m-Luna ( 150 x 2) mm , 3 fIn1 , at 100% 
0.1% formic acid in MeC N (positive ionisa tion , each signal in full sca le). Injection volume: 20 
ftl ; now rate: 0.5 ml/min. Cyclic 3000 f'g/ml solution, diamide diester 5 fi g/ m!. LC-MS: 
HPIIOO, eq uipped with APCI source. 
The chromatography reported above is poor, especially for the diamide diester run 
and this affects the resolution. 
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At 90% acetonitrilell 0% n-hexane, the cyclics eluting at 6.41 mm and dd 
oligomers eluting at 6.85 min (standard solutions injected separately in individual 
runs) were partially separated (F igure 4 .20). 
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Figure 4.20: Overlaid mass ehromatogra ms, obta ined with NH2-NH2 columns, Spherisorb 
(250 x 4.6) mm, SlIm-Luna ( 150 x 2) mill , 3 flln , a t 10% n-hexa ne/90% 0.1 % formic acid in 
MeCN, (positive ionisa tion, each signal in full sca le). Inj ectio n volume: 20 J.l1 ; flow rate: 0.5 
ml/min. Cyelie 3000 IIg/ml solution, diamid. diester 5 flg/m I. LC-MS: HPIIOO, eq uipped with 
APC I source. 
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Further increase of the percentage of n-hexane to 20% lead to a decrease in 
retentions: the cyclic retention time was 5.90 min and the dd oligomers retention 
time was 6.6 1 min, with resolution Rs of 1.1 (Figure 4.2 1). 
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Figure 4.21: Overlaid mass chromatogra ms (expanded), obtained with NH2-N H2 columns, 
Sph eriso rb (250 x 4.6) mm, Sflm-Luna (150 x 2) mm , 3 f"n , at 20% n-hex.ne/80% 0.1% 
formic ac id in MeCN, (posit ive ionisation, each signal in full sca le). Injection volume: 20 ~1I ; 
now r.te: 0.5 ml/min. Cycl ic 3000 J1g/ml solution, di.mide diester 5 Ilg/ml. LC-MS: HPIIOO, 
eq uipped with APCI source. 
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The further increase to 30% n-hexane in the mobile phase caused the two 
components to elute at 6.49 min (eye) and 7.04 min (dd), and they were therefore 
partially overlapped (Figure 4.22). 
Figure 4.22: Overlaid mass chromatograms (expanded), obtained with NH2-NH2 columns, 
Spherisorb (250 x 4.6) mm, 5f1m-Luna (ISO x 2) mm, 3 f1m, at 30% n-hexaneI70% 0.1 % 
formic acid in McCN, (positive ionisation, each signal in full sca le). Injection volume: 20 ~II ; 
now rate: 0.5 OIl/ min. Cyclic 3000 fig/ml so lution, diam ide diester 5 fig/OI L LC-MS: HPIIOO, 
equipped with APCI source. 
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The single ion traces showed an elution order of longer diamide diester oligomers 
first, followed by shorter oligomers (Figure 4.23). 
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Figure 4.23: EIC (positive mode) for 50 mcg/ml OLA solution relat ive to NH2-NH2 column s, 
Spherisorb (250 x 4.6) mm, 5flm-Luna ( 150 x 2) mm, 3 f1m , at 20% n·hexone/80% 0.1 % 
form ic acid in MeCN, (positive ionisation). Injection volume: 20 Ill ; now rate: 0.5 ml/min. 
Diamide diester 5 flg/ml. LC-MS: HP I IOO, equipped wit h APC I source. 
This variation in retention values indicated a s light adsorption effect of OLA main 
excipients, so that the conditions of elution are not perfectly critical. This was al so 
true for the cycl ic components, From the ex tracted ion c1u'omatograms (El Cs) 
relative to OLAs cyclic impurities (Figure 4.24), it can be seen that the retention 
time of the selected oligomers decreased slightl y wi th increasing molecular weight 
(from 6.25 min to 6. 16 min wi th n increasing from 2 to 7). 
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Figure 4.24: [ IC (pos itive mode) for 50 mcg/ml OLA solution relative to NH2·NH2 columns, 
Spheriso rb (250 x 4.6) mm, 5fim-Luna (150 x 2) mm , 3 ftm , at 20% n-hexane/80% 0.1 % 
formic acid in MeCN, (positive ionisatio n). Injection volum e: 20 Ill ; flow rate: 0.5 ml/min. 
Cyclic 3000 fig/ml. LC-MS: HPIIOO, equipped with APC I source. 
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4.2.2. Conclusions on the retention of OLAs on amino and cyano 
materials in NP-HPLC systems 
Figure 4.25 represents a summary of OLAs retention changes with the proportion 
of n-hexane content in acetonitrile on the amino and cyano columns: 
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on CN 
Figure 4.25: Elution of c)'c3000 (3000 /lg/ ml c)'clic solution) and dd50 (50 /lg/ml OLA 
solution); Sph erisorb amino column (250 x 4.6) mm, 51.111, a nd Zorbax c)'ano column (250 x 
4.6) mm , 7Jlm , hexane/O. I % fo rmic acid in MeCN. Inj ection volume: 20 Ill; now rate: 0.5 
ml/min. LC-MS: HP]]OO, equipped with APC ] source. 
The proportion of n-hexane did not provide trends in the retention behaviour. On 
the amino stationary phase, 10% n-hexane caused an increase in retention for both 
cyclic and dd; 20% n-hexane decreased thei r RT and 30% gave an increase in 
retention. On the cyano column, 10% n-hexane didn ' t cause any variation in the 
cyclics retention time, whilst the dd increased their retention. 20% n-hexane gave a 
decrease in RT for the cyclics, whereas the dd did not vary. For 30% n-hexane 
both cyclics and dd increased retention. 
Thus a mobile phase of n-hexane and acetonitril e, on either amInO or cyano 
stationary phases did not provide criti cal conditions of elution for OLAs and was 
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therefore not a suitable eluent for OLAs characterisation. This was also the case 
fo r two amino columns coupled together. 
Coupling two amino columns did add extra retention power to the system only 
when 20% n-hexane/80% acetonitrile was used as mobile phase (Figure 4.26). 
The add ition of n-hexane to acetonitrile did not provide a trend in the retention 
behaviour of cyclics and dd oligomers. 
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Figure 4.26: Elution of cyc3000 (3000 ,'g/ml cyclic solution) and dd50 (SO " g/ml OLA 
solution) on the Spherisorb amino column (250 x 4.6) mm, S"m and on the Lun. (ISO x 2) 
mm, 3 Jlm , coupled to the Spherisorb column . Injection volume: 20 JtI ; now rate: 0.5 ml/min. 
Retention time variations are due to n-hexane addit io n to 0.1 % formic acid in acetonitri le. 
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4.2.3. Effects of column temperature on OLAs selectivity in NP-HPLC 
Normal-phase separations ofOLA main oligomers at different column temperature 
were then investigated, to check whether other temperature could reduce the 
oligomeric selectivity and hence leading to critical conditions of elution. 
Previously, Cho et al. [86] and Vanhoenacker and Sandra [79] have demonstrated 
that at high temperature there was a decreased retention of o ligomers, in NP-HPLC 
systems, which could lead to the suppression of o ligomeric elution. 
ln the current study a polar amino material at 30-80 QC and a si lica sorbent at 30-
55 QC were used as the stationary phases. When the amino column was tested over 
the temperature range 30-80 QC, with acetonitrile as mobile phase, the oligomers 
with di fferent degrees of polymeri sation were unresolved (Figure 4.27 at 30 DC). 
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Figure 4.27: Mass chromatogram obtained at 30 'c. LC-MS: HP 1100, equipped with APCI 
source. Injection volume: 5 fil ; OLAs dd excipient sa mple solution eoneentralion: 52.0 fig/m I; 
chromatographic column: Spherisorb NH2 (250 x 4.6) mm,S fim ; mobile phase: 0.1 % formic 
acid in MeCN (isoeratie run); now rate: 0.5 ml/min ; (positive ionisation). RT= 5.76 min . 
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EIC analysis (Figure 4.28) showed the OLAs oligomers n = 12-23 eluted with 
decreasing different retention times, between 6.22 and 5.48 min. 
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Figure 4.28: Extracted Ion Chromatogra ms (E ICs) obtained at 30 ' CO LC-MS: HP 1100, 
equ ipped with APCI source. Injection vo lum e: 5 111 ; OLAs dd exci pient sa mple solution 
concentration: 52.0 I1g/ml; chromatogra phic column: Sp herisorb NH2 (250 x 4.6) mm, 5 I1m ; 
mobile phase: 0.1 % fo rmic acid in MeCN (isoc ratic run); n ow rate: 0.5 ml/ min ; (positive 
ionisation). 
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This variation in retention values indicated a slight adsorption effect of OLAs, so 
the conditions of elution were not perfectly critical. 
Throughout the temperature range (up to 80 °C, Figure 4.29), the o ligomers 
maintained the same elution order, with larger oligomers eluting in front of the 
smaller oligomers. 
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Figure 4.29: Overla id Extracted Ion Chromatog rams (EICs) obtained at 80 ' c. LC-MS: HP 
1100, equipped with APC I source. Injection volume: 5111; OLAs dd excipient sample solution 
concentration: 52.0 I1g/ml ; chromatographic column : Spherisorb NH2 (250 x 4.6) mm , S I1m ; 
mobile phase: 0.1 %.l formic acid in MeC N (isocratic run); now rate: 0.5 ml/min i (positive 
ionisation). 
This elution order was not affected by the analytical temperature, and thi s would 
lead to the conclusion that the temperature increases on an amino column with 
acetonitrile as mobile phase, would not yield a significant selectivity change. 
The onl y clear trend observed associated with the temperature Increase was the 
reduced retention of all oligomers, (Figure 4.30). 
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Figure 4.30: Temperature errect on retention or OLAs (dd), over the 30-80 QC range. LC-MS: 
HP 11 00, equipped with APC I source. Injection volume: 5 fi l; OLA sample solution 
concentration: 52.0 fig/ml; chromatographic column : Spheriso rb NH2 (250 x 4.6) mm , 511m; 
mobi le phase: 0. 1 % formic acid in MeCN (isocratic run); flow rate: 0.5 ml/min. 
These changes were in agreemenl wi th the results obtained by Cho et af. [86] for 
poly (ethylene oxide) (PEO), in NP-HPLC. Vanhoenacker and Sandra [79] also 
found that temperature did not cause a change in selectivity, in NP-HPLC. 1n both 
cases the increase in temperature only reduced retention. 
Similarly on the silica material co-elution of OLAs oligomers was observed, 
resulting in a single chromatograph ic peak, over the 30-5 5 QC range (Figu re 4.31 
for 50 QC). The chai n length di stribution caused by hydrophobic interactions did 
not take place on this col umn. 
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T j me (m t n . ) 
Figure 4.31: Chromatog ram obta ined at 50 °C. LC: HP 1090. Inj ection volum e 10 Ill ; UV: 
2 10 nm. Inj ection volume: 10 ~tI ; O LAs main excipient solut ion concentration: 26.0 rug/ml; 
chromatogra phic column : Spherisorb S5W (250 x 4.6) mm, 5 I'm ; mobi le phase: 0. 1 % formic 
acid in THF (isocratic run); fl ow rate: I ml/ min . 
The increase in temperature led to decreased retention time of OLAs oli gomers 
(Figure 4.32). 
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Figure 4.32: Tempera ture effect on retention ofOLAs, over the 30-55 °C range. LC: HP 1090. 
UV: 210 nm. Inj ection volum e: 10 Ill ; OLAs main excipient solution conce ntration: 26.0 
mg/ ml ; chromatograph ic column: Spherisorb S5W (250 x 4.6) mm , 5 I,m; mobile phase: 
0.1 % form ic acid in THF (isoc ratic run); now rate: I mllmin . 
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From the data obtained with the NH2 column and the silica column it can be said 
that both material s exhibited polar interactions with the OLAs and typical NP 
retention behaviour when temperature changes were applied (of decreasing 
retention with increasing temperature). Thus, temperature had a limited effect on 
the OLA retention selectivities offered by the two polar co lumns and on the 
ol igomer elution order, in non aqueous mobile phases. 
4.2.4. Conclusions on effects of column temperature on OLAs selectivity 
in NP-HPLC 
The retention behav iour of OLAs in normal phase LC, on a n amino column (with 
temperatures ranging fro m 30 to 80 °C) and on a silica column (with temperatures 
ranging from 30 to 55 0C), was only marg inaIJy affected: an increase in 
temperature caused a decrease in retentio n time of OLAs (on the amino column, 
retention varied from approx. 5.9 min, at 30 °C to 5.4 min at 80 °C, which 
corresponds to about 0.5 min for a 50°C variati on; on the s ilica column, retention 
varied from approx . 3.7 min, at 30 °C to 3.4 min at 55°C, which corresponds to 
about 0.3 min for a 25 °C variation). 
The MS identified the various oligomers of the diamide diester component. The 
larger oligomers eluted earlier than the smaIJer oligomers, indicating a NP 
retention mechanism. Increased temperature did not lead to an inversion of the 
o ligomers e lution order. Oligomeric separation was not suppressed by temperature 
and therefore critical conditions of elution could not be achieved. 
- J 33 -
Chapter 4 Results and Discussion: the head group distribut ion approached by LCCC 
4.2.5. Retention of OLAs on cyano and amino materials in HILIC: a 
quest for LCCC 
Strege [1 20] has shown HILIC to be successful fo r the study of polar compounds 
and as the aim of the current study was to target the polar functional groups of 
OLAs, aqueous e luents on polar sorbents were therefore considered as alternati ve 
chromatographic systems, whose se lecti vity could lead to oligomeric co·elution of 
the OLAs. 
4.2.5.1. Cyano bonded stationary phase 
The separation between OLAs oligomers and cycl ics, in terms of their head-groups 
was investi gated on a cyano stationary phase using a relati vely polar eluent to 
induce a hydrophobic interaction effect in contrast to a normal phase separation. 
The starting mobile phase was 100% acetonitri le. The mobile phase polarity was 
altered by gradually introducing (in isocrati c runs) successively 10,20 and 30% of 
50 mM ammonium formate . Standard solutions consisting of OLA (d iamide 
diester) or their cyclic impuriti es were inj ected separately in individual runs 
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At 100% acetonitri le, cycl ics and main o ligomers eluted at approximately 5.5 min. 
At 90% aceton itril ellO% 50 mM ammonium formate, cyclics eluted at 5.47 min 
and diamide diester eluted at 5. 19, showing a certa in degree of separation (Figure 
4.33): 
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Figu re 4.33: Overla id mass chromatograms, obta in ed with Zorbax cya no column (250 x 4.6) 
mm, 7~lm , 100/0 50 mM amm onium form ate, 90% 0.1 % formic acid in MeCN (positive 
ionisation, each s ignal in full sca le). Inj ectio n volum e: 20 Ill ; fl ow rate: 0.5 ml/min. Cyc lic 
3000 /tg/ml solution, dia mide diester 50 /lg/ ml. Dd retention time: 5. 19 min, cyclic retention 
time: 5.47 min. LC-MS: HPII OO, eq uipped w ith APC I source. 
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With 80% acetonitri le/20% 50 mM ammOnium formate, the cyclics and dd were 
separated, but not base-line resolved, resolution Rs= 0.9 (Figure 4.34): 
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figure 4.34: Overlaid mass chromatograms, obtained with Zorbax cyano column (250 x 4.6) 
mm, 7J.lm, 200/0 50 mM Ammonium formate, 80% 0.1% formic acid in MeCN (posit ive 
ion isation, eac h signal in fu ll scale). Injection volume: 20 Il l; now rate: 0.5 ml/ min. Cyclic 
3000 J.lg/ ml solut ion, diamide diester 50 Ilg/ml. Dd retention time: 5.58 min , cyclic retent ion 
time: 6.02 min. LC-MS: HPIIOO, equ ipped with APC I source. 
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A further increase of ammonium fo rmate percentage -70% acetonitrile/30% 50 
mM ammonium formate- did not improve the resolution between cyclics and dd 
excipients. Instead the two peaks co-eluted (dd: 7.2 min, cycl ics: 7.4 min, Figure 
4.35) . 
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Figure 4.35: Overlaid mass chromatogra ms, obtained with Zorbax cyano column (250 x 4.6) 
mm , 7J..1m, 30% 50 mM Ammonium formate, 70% 0.1% formic acid in MeCN (pos itive 
ionisation, each signal in full scale). Inj ection volume: 20 ~t1 ; flow rate: 0.5 Il1l/min . Cyclic 
3000 /lgiml solution, dia mide diester SO fig/ m I. Dd retention time: 5.58 min , cyclic retention 
time: 6.02 min. LC-MS: HPIIOO, equipped with APC I so urce. 
The gradual increase in mobile phase polarity was responsible fo r the dd oligomers 
eluting in front of the cycl ic impuri ties. From thi s it could be concluded that the dd 
oligomers were more polar than the cyclic impurities. 
- 137 -
Chapler 4 Results and Di scussion: the head group distribution approached by LCCC 
MS analysis monitor showed the elution order of diamide diester oligomeric 
longer chains before shorter chains (Figure 4.36). 
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Figure 4.36.: EICs (positive mode) fo r 50 mcg/ml OLA dd excipient so lution rela tive to 
Zorbax cyano column (250 x 4.6) mm, 71'm, 90% 0.1 % formic acid in MeCN 110% SO mM 
Ammonium formate, (pos itive ionisation, each signa l in full scale). Inj ection volum e: 20 ~ll; 
now rate: 0.5 ml/ min. LC-MS: HPIIOO, equipped with APC I source. 
The phenomenon of larger chains eluting before shorter chains was observed by 
Sandra and Vanhoenacker [79] when analysing alkyl phenol ethoxylates and by 
Jandera [92] when analysing ethoxylated alcohols. This phenomenon was also 
reported by Cho et al. [86] and Lemr et al. [83] when analysing FAEs. The authors 
advocated polar interactions to justify the observed retention mechanisms. 
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However, in the current study, when the percentage of ammonium formate was 
increased to 20%, all oligomers eluted with the same retention time (RT: 5.6 min, 
approximately, Figure 4.37). 
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Figure 4.37: Tota l ion chromatogram (TIC) and EICs (positive mode) for 50 mcglml OLA dd 
exc ipient solu tion relative to Zorbax cya no column (250 x 4.6) mm , 7ftm, 80% 0.1% formic 
acid in MeCN 120% 50 mM Amm onium formate, (pos itive ionisat ion , each signa l in fu ll 
scale). Inject ion volume; 20 fl l; now rate; 0.5 ml/ min. LC-MS; HPttOO, equipped with APC I 
source. 
Since a ll the oligomers had the same retention, it was concluded that criti cal 
conditions of elution existed at 80% acetonitrile 120% ammonium formate. 
Because a specific functionality of an oligomeric series can be determined in 
liquid chromatography at critical conditions (LCCC), OLAs main excipient and 
their cyclic impurities were expected to be resolved at 80% acetonitrile/20% 
ammonium formate. Extracted ion chromatograms (EICs) of the cyclics (Figure 
4.38) showed that thi s was the case, with dd eluting at approximately 5.6 min and 
the cyclics eluting at approximately 6.1 min. 
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Figure 4.38: TI C a nd EICs (positive mode) fo r 3000 mcg/ml cyc lic solution re lative to Zorba x 
cya no column (250 x 4.6) mm, 7ftm , 80% 0.1% formic acid in MeCN 120% 50 mM 
Amm onium form ate, (posi ti ve io nisation, eac h signa l in fu ll sca le). Inj ec tion volum e: 20 f.l l; 
now ra te: 0.5 ml/ min. Le-MS: HPII OO, equipped with APCI so urce, 
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MS analysis of separation of dd oligomers obtained at 70% acetonitrile/30% 
ammonium fonnate showed a conventional reversed phase elution with smaller 
oligomers eluting in front of the larger oligomers (Figure 4.39): 
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Figure 4.39: EICs (positive mode) fo r SO mcg/ml OLA dd mixture solution rela tive to Zorbax 
cya no column (250 x 4.6) mm , 711m, 70% O.t% formic acid in MeCN /30% SO mM 
Ammonium formate, (posi tive ionisation, each signal in rull sca le). Inj ection volume: 20 J"; 
n ow ra te: 0.5 mllmin. LC-MS: HPllOO, equipped with APCl source. the dd , have the s maller 
o ligo mers eluting in front of the larger oligomers. 
A similar inversion of the elution order was also observed by Lemr et af. [83) , in 
the course of the investigation of the effect of mobile phase composition on the 
retention of F AEs in RP-HPLC. The authors noted that at low acetonitrile 
percentage, FAEs with a large number of ethyleneoxide (EO) units eluted first. 
The elution order was inverted (i.e. small number of EO units eluted first) at high 
acetonitrile percentage. At intennediate acetonitrile percentage they observed co-
elution of FAEs, independent of EO unit chain length (indicating critical 
conditions of elution). 
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It therefore appeared that the cyano material, with ammonium formate/acetonitrile 
as mobile phase could be a suitable system for OLAs characteri sation. 
An HILIC environment was provided by the cyano column when up to 10% 
ammonium formate was present in the mobile phase, (retention values decreased 
with increasing mobile phase aqueous content and larger oligomers eluting first). 
The cyano column behaved as a RP-HPLC column when the mobile phase 
contained a percentage above 20% of ammonium formate (retention values 
increased with increasing mobile phase aqueous content, and smaller obgomers 
eluted first). At intermediate ammonium fo rmate percentage (20%) critical 
condit ions of elution took place and a separation was observed between dd 
o ligomers and cyclics. 
Although the 20% ammonium fo rmate/80% MeCN eluent composition led to a 
reso lution of 0.9 between dd and cyclic peaks, the corresponding total IOn 
chromatograms (TICs) show that the critical pair was not baseline resolved. 
It was therefore decided to substitute the aqueous component of the mobile phase 
with THF (aprotic so lvent) and check whether reduced solvation effects on OLAs 
dd (due to proton-acceptor interactions with OH groups of water) would delay 
their elution and increase their spacing from the cyclic components. 
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Adding 10% THF to acetonitrile (10% THF/90% MeCN) did not make any 
difference to the resolution of cycl ics and dd components (see Figure 4.40 and 
compare it with Figure 4.33). 
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Figure 4.40: Overlaid mass chromatograms for dd O1/z: 1109-1972 a nd cyc mlz: 145-577, 
obta in ed with Zorbax cyano column (250 x 4.6) m.n , 7~m, 10% THF in 0.1% formic acid in 
MeCN, (positive ionisat ion, each sig nal in full sca le) . Inj ect ion volume: 20 ~aI ; now rate: 0.5 
ml/min. Cyclic 3000 ~g/ml solution, diamide diester 50 ~g/ml. 
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Increasing THF from 10 to 20% and 30%, in the THF/MeCN mobile phase 
mixture, did not cause an increase in resolution. As can be seen from the mass 
chromatograms below (Figure 4.41 and Figure 4.42), the dd and the cyclics are 
still partially overlapped. 
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Figure 4.4 1: Overlaid mass chromatograms (expanded) for dd mfz: 1109- J972 and cyc mfz: 
145-577, obta ined with Zorbax cya no column (250 x 4.6) mm , 7f1m , 20% THF in 0.1 % formic 
acid in MeCN (pos itive ionisation, each sig nal in full sca le). Inj eclion vo lum e: 20 ~d ; now rate: 
0.5 mlfmin. Cyclic 3000 flgfml solution, diamide diester 50 flgfml solution. 
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Figure 4.42: Overlaid mass chromatograms (expanded) for dd m/z: 1109-1972 and cyc mlz: 
145-577, obtained with Zorbax cya no column (250 x 4.6) mm , 7\101 , 30% THF in 0.1% formic 
acid in MeCN (positive ionisation, each sig nal in full scale). Injection volume: 20 JtI ; flow rate: 
0.5 ml/min. Cyclic 3000 fig/m I solution, di.mide diester 50 fig/m I solution. 
Since the subst itution of the aq ueous component of the mobile phase with THF did 
not increase resolution, it was accepted that a value of 0.9 was the maximum 
resolution achievable on a cyano bonded phase. 
The methodology comprising cyano bonded material with a 20% ammonium 
formate/SO% MeCN eluent could represent the second orthogonal dimension of 
the original comprehensive two dimensional assay fo r OLAs. However, before 
proceeding towards the coupling of the two separations, it was deemed that further 
investigation into HILlC systems employing amino bonded material would be 
interesting. In particular it was decided to monitor whether a variation In 
ammonium formate percentage in the mobile phase would cause a 'swi tch ' from 
HILlC to RP-HPLC, with a LCCC cross over, as witnessed on the cyano material. 
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4.2.5.2. Amino bonded stationary phase 
The separation between OLAs and cycl ics, was investigated on an amlOO 
stationary phase with acetonitrile mobile phase. The mobile phase polarity was 
altered by gradually introducing (in isocratic runs), respectively, 10, 20 and 30% 
of 50 mM ammonium formate. Standard solutions consisting of OLA oligomers 
(diamide diester) and their cyclic impuriti es were injected separately in individual 
nms 
At 100% acetonitrile, dd oligomers eluted after 5.87 min, and the cycl ics after 5.52 
min, resulting in partial overl app ing of the two peaks (Figure 4.43). fa :::: :~::::J::g;:::;::::::::....".;". :;~ ':.:::' .:= ~" = 
1,-· 
-
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Figure 4.43: Overlaid mass chromatograms, obtain ed with th e S phcrisorb am ino colulUn (250 
x 4.6) mm, S flm , at 100% 0.1 % formic acid in MeCN (positive ionis.tion, each s igna l in full 
sca le). Injection volume: 20 Itl ; flow rate: 0.5 ml/ min . Cyclic 3000 flg/ml solution, di.mide 
diester 50 fl g/ml. LC-MS: HPIIOO, equipped with APCI source. 
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With 90% acetonitrilelIO% 50 mM ammonium formate , the separation of cyclics 
and diamide diester (standard solutions injected separately in individual runs) was 
reversed. The dd oligomers were eluted after 4.73 min and the cyclics after 4.91 
min, still resulting in partial co-elution (F igure 4.44): 
Figure 4.44: O verlaid mass chromatograms for dd mlz: t 109-1 972 and cyc m/z: 145-577, 
obtained with the Spheriso rb amino column (250 x 4.6) mm , 51101 , at 90% 0.1% formic acid 
in MeCN/ IO% 50 mM ammonium form ate (positive ionisa tion, each signa l in full sca le). 
Injection volume: 20 111 ; now rate: 0.5 mVmin. Cyclic 3000 I1g/ml solution, dia mide diester 50 
I1g/ml. Dd retention time: LC-MS: HPIIOO, eqnipped with APC I source. 
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A fwther increase in ammonium formate to 20% lead to a further decrease in 
retentions: the dd oligomers retention time was 4.30 min, and the cyclic retention 
time was 4.50 min, with no improvement in terms of resolution (Figure 4.45). 
-
,a- :.0: ,oe : : .: jo",::-::"::!~ :"";,,, ,:,,,o;::"'~.""' .. e;e, ot ." .... :::: ... ,";",., "0_· 
.,-
f\ .. 
.- I .,. 
\ 
- I \ 
- I \ 
I \ 
- \ I 
- I \ 
I 
/i \.. 
. ---.... 
Figure 4.45: Overlaid mass chromatograms, obtained with the Sphcrisorb amino column (250 
x 4.6) mm, 5 ~lm , at 80% 0.1 % formic acid in MeCN/20% 50 mM ammonium formate 
(positive ionisation, each signal in rull sca le). Injection volume: 20 fll ; now rate: 0.5 ml/min. 
Cyclic 3000 I'g/ml solution, diamid e diester 50 flg/ml. LC-MS: HPIIOO, equipped with APCI 
source. 
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The final increase to 30% ammonium formate caused the two components to elute 
at 4.0 min (dd) and 4.4 min (eye), still partially overlapped (Figure 4.46). 
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Figure 4.46: Overlaid mass chro matogra ms, obtained with the Spherisorb a mino column (250 
x 4.6) mm , S !tm, at 80% 0.1 % formi c acid in MeCN/20% 50 mM ammonium forma te 
(positive io nisa tion , each signal in full sca le). Injection volum e: 20 ~t1 ; now rate: 0.5 ml/ min. 
Cyclic 3000 ~g/ml solution, dia mide diester 50 I'g/ml. LC-MS: HPIIOO, eq uipped with APCI 
source. 
The results obtained in this study were in agreement with the results obtained by 
Guo and Gaiki [134] and Olsen [122] , who found that the retention of analytes 
decreased as the water content of mobile phase increased. 
in the current study the MS analysis a llowed the elution order of diamide diester 
and cyclic oligomers to be monitored. With 100% acetonitrile the longer chains 
were eluted before the shorter chains . 
The same order was observed at 90% acetonitrile/ l O% ammonium formate (Figure 
4.47 and Figure 4.48), with longer ol igomers eluting before shorter oligomers, 
even though the order of elution of the dd and the eye was reversed: 
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Figure 4.47: EICs (positive mode) for 300 mcg/ml OLA cyclic solution rela tive to Spherisorb 
a mino column (250 x 4.6) mm , S pm, 90% 0.1 % formic acid in MeCN 110% 50 mM 
Ammonium form ate, (positive ionisation, each signal in full sca le). Injection volum e: 20 Ill ; 
flow rate: 0.5 mVmin. LC-MS: HPII OO, equipped with APCI source . 
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Figure 4.48: EICs (positive mode) for 50 mcgl ml OLA dd excipient solution relative to 
Spheriso rb amino column (250 x 4.6) mm , S pm , 90% 0.1 % formic acid in MeCN 110% 50 
mM Ammonium formate, (positive ionisatio n, each signal in full scale). Inj ection volume: 20 
pi; fl ow ra te: 0.5 mllmin. LC-MS: HPIIOO, equipped with APCI source. 
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The oligomeric elution order was left unchanged by an increase in the percentage 
o f ammonium formate to 20% or to 30% (Figure 4.49 and Figure 4.50) . 
.. "" lioe ' '''''ff'(COCM''' »_'''C~~'''''''\C:IO U'''' OI''''N<IOO_' '''C'C ' ~I .... CI . .. _ ' .. '0-_ 
" 00' ''' .0:: '"'' ''' ' ,C>CM,"".,", C""", """"",",uW O:o<l:NOOO." ,"C'C ' 01 • • ~ 0 __ . .... ". -_ 
"loo. , ... ",., ... , •• • 1""' ..... " . .. c""" ..... '''''' .. ''''OiOO:N<X>O .... .. C.c . 01 "-"C . ... _. '''f ... -_. 
/ 
/ ,:' 
// 
!.i e,cn"a ISn .• ' 
---j 
/ 
, 
, 
6~"· '12811 ) , 
, 
, 
Figure 4.49: EICs (posi tive mode) for 300 mcgfml OLA cyclic solution relative to Sphe risorb 
a mino column (250 x 4.6) n1l11 , 70% 0.1 % formic acid in MeCN f30% 50 mM AmmoniulTl 
formate, (pos itive ion isa tion, each sig nal in full sca le). Injection volume: 20 J..II ; now ra te: 0.5 
mlfmin . LC-MS: HI' II OO, eq uipped with APC I so urce. 
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Figure 4.50: EICs (positive mode) for 50 mcg/ml OLA dd excipient solution rela tive to 
Spheriso rb a mino column (250 x 4.6) mm , 70% 0.1% formic acid in MeCN 130% 50 mM 
Amm onium fo rmate, (pos itive ionisat ion, each s ignal in full sca le). Inj ect ion volum e: 20 )Jl j 
fl ow rate: 0.5 mllmin. LC-MS: HPtt OO, eq uipped with APC t source. 
The observation of an elution order of longer OLAs in front of shorter OLAs was 
in agreement with the results obtained by l andera et at. [92] with ethoxylated 
alcohol surfactants. The authors explained th is phenomenon in terms of the 
di ffe rent conformation of the longer and shorter oxyethylene (EO) chains in 
mobile phases containing small amount of water and on am ino bonded materials. 
landera and hi s group proposed that the oligomers would be adsorbed by the more 
polar oxyethylene parts of the molecules, with the chains oriented towards the 
mobile phase. The oligomers with lower number of EO units would be more 
retained because they would stick more closely to the adsorbent surface than the 
oligomers with longer chains. 
- 152 -
Chapler 4 Results and Discuss ion : the head group di stribution approached by LCCC 
From the MS data analysis of OLAs, it was concluded that the retention behaviour 
governing the NH2 stationary phase with ammonium formate/acetonitril e mobile 
phase was that of typical HlLIC separations. 
However, in light of the results obta ined in the current study, using the amino 
materi al and ammonium formate/acetonitrile as mobile phase, it was concluded 
that thi s approach would not provide a suitable system for OLAs characterisation, 
due to the poor resolution between the dd and cyclics oligomers. 
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4.2.5.2.1. Acetone as organic solvent on the amino material 
It was decided to replace acetoni trile with acetone (which, li ke acetonitrile is a 
polar aprotic solvent, although less polar than MeCN) and check whether the 
reduced polarity of the mobile phase would delay OLAs dd elution and increase 
their separation from the cyc lic components. 
However, no signi ficant resolution between the cyc1ics and dd was observed 
(Figure 4.5 1). 
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Figure 4.51 : Overla id mass chromatogra ms (ex panded), obta ined with Spheriso rb NH2 
column (250 x 4.6) mm, 5J.lm, a t 100% 0.1% formic acid in acetone (positive ionisation, each 
s igna l in full scale). Injection volume: 20 fll ; flow rate: 0.5 ml/min. Cyclic 3000 fIg/m I solution, 
diamide diester 510 flg/ml. 
Various percentages of ammonium fo rmate were added to the acetone, but no 
effect on the resolution between the two peaks was observed. Aga in, there was a 
reversal in elution order as more ammonium fo rmate was added (Figure 4.52). 
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Results and Discussion: the head group distribution approached by LCCC 
Spherisorb·NH2IAcetone versus MeCN 
• 
-. -
~---. ------- . 
• ddSO-Acetone 
- - -. - - . cycJOOOAcetone 
_ - ddSO-MeCN ~. • - . cyc3000-MeCN 
:--------. __ • '---------'-------' I 
20 30 40 
% Ammonium formate 
Figure 4.52: elution of c)'c3000 (3000 /lg/ml cyclic solution) and ddSO (50 /lg/ml OLA solution) 
on the Spherisorb amino column (250 x 4.6) mm , Sftm. Injection volum e: 20 ftl ; now rate: 0.5 
mllmin. Retention tim e variations are due to 50 mM ammonium formate solution addition to 
acetonitrile and acetone. 
It was concluded that these mobile phases were not suitable for OLAs 
characterisation because dd excipient and cyclics peaks were insufficiently 
resolved. 
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4.2.5.2.2. The effect of coupling two amino columns on OLAs resolution 
In order to increase the resolution two amino columns were connected in series. 
Using 100% acetonitrile, the cyclics (cyc) eluted before the diamide diester (dd) 
(Figure 4.53). A similar separation was achieved when coupling two amino 
columns in NP-HPLC, using 100% acetonitri le (figure 4.19). 
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Figure 4.53: Overlaid mass chromatograms (expanded), obta ined with NH2-NH2 co lum ns, 
(250 x 4.6) mm , 5flm-(150 x 2) mm, 3 I'm, at 100% 0.1% formic acid in MeCN (positive 
ionisation, each signa l in full sca le). Injection volume: 20 ~II ; now rate: 0.5 ml/ min. Cycl ic 
3000 flg/ml solution, diamide diester 5 flg/ml. LC-MS: HPIIOO, eq uipped with APC I source. 
The polarity of acetonitrile was gradually increased, by adding 10,20, 30 and 35% 
of 50 mM ammonium formate stock solution, and thi s reversed the elution order 
(Figure 4.54), with the cyclics eluting after the dd. Overall , increasing the aqueous 
proportion eluted the polar dd earlier, which was in agreement with HILIC 
retention behaviour. 
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Figure 4.54: Overlaid mass chromatograms (expa nded), obta ined with NH2-NH2 columns, 
(250 x 4.6) mm , 5~m-(150 x 2) mm , 3 ~m, at 25% 50 mM ammonium form atel75% 0.1 % 
formic acid in MeCN, (pos itive ionisation, each s igna l in full sca le). Inj ection volume : 20 pi; 
fl ow rate : 0.5 ml/min. Cyc lic 300 ~g/ml solution, dia mide diester 5 I1g/ml. LC-MS: HPIIOO, 
eq uipped with APCI source. 
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The MS data fo r the eye and the dd oligomers indicated that the larger oligomers 
eluted earlier than the smaller oligomers (Figure 4.55 and Figure 4.56). 
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Figure 4.55: Extracled ion chroma tograms (expand ed), obtain ed with NH2-N H2 columns, 
(250 x 4.6) mm , S~tm-( I SO x 2) 0101 , 3 IIm, at 10% 50 mM a mm onium fo rm a te/90% 0.1 % 
fo rmic acid in MeCN, (positive ionisa tion, each signal in full sca le). Inj ection volum e: 20 Jll ; 
flow rale: 0.5 ml/min. Cyc lic 300 IIg/ml solution. 
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Figure 4.56: Extracted ion chromatograms (expanded), obtained with NH2-NH2 columns, 
(250 x 4.6) mm, 5flm-(150 x 2) mm , 3 flm , at 10% 50 mM ammonium formatc/90% 0.1 % 
formic acid in MeCN, (positive ion isation, each signal in full scale). Injection volume: 20 Ill; 
now rate: 0.5 m1lmin. OLA dd 50 fig/m I solution. 
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4.2.6. Conclusions on retention of OLAs on amino and cyano materials 
in HILIC/ RP-HPLC 
The retention changes of the OLAs with the changes in aqueous content on the 
amino and cyano columns are summarized in Figure 4.57. 
Spherisorb NH2 versus Zorbax eN 
- • - cyc30000 
NH2 
- • - doSO on 
7.50 .. NH2 
. / • dd50 on 7.00 CN • cyc30000 6.50 CN . ., 6.00 E ;::: 5.50 .. • 
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Figure 4.57: C ha nge in retention times of cyc3000 (3000 /lg/ml cyclic solution) a nd dd50 (50 
/lg/ml OLA excipient solution); Spherisorb amino column (250 x 4.6) mm, S/lm, and Zorbax 
cya no co lu mn (250 x 4.6) mm , 7,tm, with proportion of 50 mM ammonium formate/O. I% 
formic acid in MeCN. LC-MS: HPIIOO, equipped with APC I source. 
On both CO ittIlU1S, the addition of 10% of the aqueous solution lead to a decrease in 
retent ion for OLAs and their impurities; a 20% aqueous/80% organic led to an 
increase in retention of both cyclics and dd on the cyano column and a decrease on 
the amino stationary phase (typical HILlC behaviour shown by the amino sorbent: 
decreasing retent ion with increasing aqueous content in mobile phase). Thus, the 
cyano column provided a HILIC environment when less than 10% ammonium 
formate was present in the mobile phase, (retention values decreased with 
increasing mobile phase aqueous content). The cyano column behaved as a RP-
HPLC column when the mobile phase contained more than 10% anunoniurn 
fo rmate (retention values increased with increasing mobile phase aqueous 
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content). MS data confirmed the cyano material ' dual ' behaviour and at 10% 
ammonium formate (Figure 4.36) the longer OLAs diamide diester oligomers 
eluted in front of the shorter oligomers. MS data obtained at 30% ammOnIum 
formate (Figure 4.39), showed the longer oligomers eluting after the shorter 
oligomers. Increasing the aqueous content of mobile phase eluting on the amino 
stationary phase caused a decrease in OLAs retentions. These results were In 
agreement with the results obtained by Oyler el al. [1 24] and by Olsen [1 22]. 
There was also a reversal in the order of elution of cyclics and main excipient (dd) 
on addition of an aqueous component to the mobile phase. 
The difference in retention between dd and cyc were slightly higher with the cyano 
than with the anlino column, leading to a better separation selectivity. 
Coupling two amino columns added extra retention power to the system (Figure 
4.58), and as with one column, the addition of ammonium formate to acetonitrile 
caused a switch in the retention behaviour of cycl ics and dd excipients. 
NH2 ve rs us NH2-NH2 
700~ 
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6 00 • 
. ~ ~ E 550 . " -'. ........ 
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Figure 4.58: Retention time cha nges with proportion of 50 mM ammonium formate solution 
addition to 0.1 % formic acid in acetonitrile for the cyc3000 (3000 " glml cyclic solution) and 
dd50 (50 "glml OLA solution) on the Spherisorb amin o column (NH2) a nd on the Luna and 
Spherisorb columns (250 x 4.6) mm , 5,,01-(150 x 2) mm, 3 Ilm (NH2-NH2). Injection volume: 
20 Ill ; now rate: 0.5 mllmin. 
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Generally the aqueous mobile phase on the cyano column favoured elution of the 
more hydrophilic dd, with the cyclics being more retained. Thus the cyano 
stationary phase with acetonitrile/am monium fo rmate as mobile phase proved 
capable of separating OLAs mai n oligomers and their cyclic impurities, in terms of 
their functional groups, providing critical conditions of elution. 
4.3. Effects of buffer salt concentration in HILIC 
In the light of the work of Guo and Gaiki [1 34] , who showed that an increase in 
buffer concentration caused an increase in retention of polar analytes, it was 
considered important to determine whether OLAs selecti vity would be affected by 
variations in buffer concentration and whether exchanging anunonium fomlate 
with water would cause variations on their retention behaviour. 
Ammonium formate was of interest because it is compatible with MS detection 
and because of its high so lubility at high organic levels. However, in order to 
check whether the level of organic affects the salt so lubili ty, the MeCN content 
was varied from 100 to 65% by add ing 0, 10, 15, 20, 25, 30 and 35% of the 
ammonium formate solutions. Both the water and ammonium formate (at different 
concentrations) showed similar effects on the retention of OLAs on the Zorbax 
cyano column (F igure 4.59). 
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Figure 4.59: Retention times of OLAs with severa l ratios of mobile phase N 0.1 % form ic acid 
in MeCN. Column: Zorbax eN columll (250 x 4.6) mm , 711m, inject ing 20 III of 5 I'g/ml OLAs 
main excip ient solution; fl ow rate: 0.5 mVrnin. Runs were isocrat ic. Le-MS: HP IIOO, 
equipped with APC! source. 
An initial increase to 10% of either water or ammonium formate solution caused a 
decrease in retention. These results agreed with earli er work by Guo and Gaiki 
[1 34], who observed that polar analytes exhibited typical I-IILIe behaviour on 
decreasing retentions wi th increasing water content in the mobile phase and by 
l andera et a!. [135] , who reported that (co)oligomers experienced an increase in 
retention when the aqueous content of the mobile phase was decreased. The MS 
data analysis of OLAs dd showed that longer dd chains eluted in front of shorter 
chains. The more polar shorter chai ns were more retained. 
Aqueous solution or ammonium fomlate solutions up to 20% caused a generall y 
small increase in retention, apart from 50 mM ammonium formate. MS data (20% 
water or anlmonium formate) showed co-elution of oligomers, therefore indicati ng 
critical conditions of elution (Figure 4.60 and Figure 4.61). 
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Figure 4.60: EICs (pos itive mode) for 50 mcg/ml OLA dd excipient solution relative to 
Zorbax cyano co lumn (250 x 4,6) nll11 , 711m, 80% 0. 1% formic acid in McCN 120% 50 mM 
Ammonium formate, (positive ionisa tion, each signa l in fu ll sca le). Injection volume: 20 ~1I ; 
now rate: 0.5 ml/min. LC-MS: HP I IOO, equipped with APCI source. 
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Figure 4.61: EICs (positive mode) for 50 mcgl ml OLA dd excipient solution relative to 
Zo r bax cyano column (250 x 4.6) mm , 71101, 80% 0.1 % formic acid in MeCN 120% 0.1 % 
formic acid in water, (positive ionisation , each signa l in full scale). Injection volume: 20 ~lI j 
now rate: 0.5 mllmin. LC-MS: HPII 00, equipped with APCI source. 
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Above 20% aqueous or ammonium formate solutions the retention increased. This 
is typical RP-HPLC behaviour: increasing retention values with higher aqueous 
content; MS data (Figure 4.62 fo r dd eluting with 30% 50 mM ammonium formate 
and Figure 4.63 fo r dd eluting with 30% water) confirmed a RP mechanism, as 
shorter chains were eluting in front of longer chains, suggesting that a selecti vity 
change had occurred. These results contrasted with Guo and Gaiki [1 34] , l andera 
et al. [1 35], Oyler et af. [1 24] and Olsen [1 22], who fo und decreasing retention 
va lues with higher aq ueous content. 
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Figure 4.62: EICs (posHive mode) for 50 mcglml OLA dd excipient oligomers on Zorbax 
cyano column (250 x 4.6) mm, 7,,"' , 70% 0.1% formic acid in MeCN 130% 50 mM 
Ammonium formate, (positive ionisation, each s igna l in full scale). Injection volume: 20 f.ll j 
fl ow rate: 0.5 ml/min. LC-MS: HPII 00, equipped with APCI source. 
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Figure 4.63: EICs (positive mode) fo r 50 mcg/ml OLA dd oligomers on Zorbax cyano column 
(250 x 4.6) mm , 7!lm, 70% 0.1% formic acid in MeCN 130% 0.10/0 formic acid in water, 
(positive ionisation , each signal in full scale). Inj ection volume: 20 ~1I ; flow rate: 0.5 ml/mill . 
LC-MS: HI'IIOO, equipped with APCI source. 
The inversion in elution order of OLA oligomers (passing 'through' criti cal 
conditions of elution), with a change in mobile phase composition was 111 
agreement with the results obtained by Lenu et al. [83] for the separation of F AEs 
in RP-HPLC. At low MeCN percentage, FAEs with a large number of 
ethyleneoxide (EO) units eluted first, but the elution order was inverted (i.e. small 
number of EO units eluted first) at high MeCN percentage. At intermediate MeCN 
percentage they observed co-elution of FAEs, independent of EO unit chain 
length. Jandera et al. [92] also reported that a combined effect of the mobile phase 
polarity and the solvation of EO groups took place. 
Salt concentration did not have a major effect on the elution strength of MeCN, for 
the OLA dd o ligomers on a Zorbax cyano material (Figure 4.64). This was in 
disagreement with Guo and Gaiki [134] who found an increase in retention (of 
small polar compounds) as the concentration of anunonium acetate in the mobile 
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phase was increased from 5 to 20 mM on TSK gel Amide-80, HILIC Silica and 
ZIC-HlLIC. When the authors tested an YMC-Pack NH2, they observed a 
decrease in retention for sali cylic acid and aspirin and an increase in retention for 
cytosine when the concentration of ammoni urn acetate was increased from 5 to 20 
mM. 
They concluded that, as the effect was seen on stationary phases with different 
functional groups, it could have been related to hydrophilic partitioning process 
instead of specific interactions between the stationary phase and analytes. This was 
based on the proposed hydrophilic partitioning model for HlLIC [11 3] , where it is 
assumed that high levels of organic content in the mobile phase make the salt 
prefer to be in the water-rich liquid layer and thi s would consequently resu lt in an 
increase in vo lume of the liquid layer, lead ing to stronger retention of the analytes . 
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-+-90% MeCN 
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Figure 4.64: Comparison of eluting strength of ammoniu m for matefMeCN mixtures. 
C hromatography obta ined on a Zorbax CN colum n (250 x 4.6) mm , 711 m, inject ing 20111 of 5 
flgfml OLAs main excipient solutio ll ; now rate: 0.5 mlfmin . LC-MS: HPIIOO, equ ipped wit h 
APCI source. 
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The current study also showed that on a Zorbax cyano column, HILIC retention 
behaviour (of decreasing OLAs retention with increasing aqueous content) 
changed to RP-HP LC retention behav iour (of increasing OLAs retention with 
increasing aqueous content), passing through critical conditions of elution 
(oligomeric co-elution of chain of same size). 
4.4. Conclusions on the head group distribution approach by 
LCCC 
The potential second dimension fo r a two-dimens ional separation of OLAs was 
therefore poss ible by separati ng the main oligomers from their cyclic impuriti es 
according to their amide head groups, by operating at or near to critical cond itions. 
Using a CN stationary phase and an aqueous acetonitrile mobile phase (20% 
aq ueous/SO% acetonitrile), at 300 C, led to a suppression of the oligomeric 
d istribution. 
Since the initial aim of thi s work was to apply a two-dimensional approach to the 
analysis of OLAs, the next step wo uld be coupling the first dimension RP-HPLC 
based on chain length with the second dimension LCCC, so that each o ligomer 
would be separated respectively in terms of its chain size and its head groups. 
However, it was uncertain whether a two-dimensional analysis would considerably 
improve the separation of OLAs and cycl ic oligomers, or whether the necessary 
selectivity changes could be brought about on one-dimension system. Since the 
study on the effects of buffe r salt concentration in mobile phase had shown that the 
level of aqueous so lution was the factor with highest influence on OLAs 
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se lecti vity, it was considered whether a change in the choice of solvent used as 
mobile phase would be more effecti ve than adding a second dimension colwnn. 
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5. Results and discussion: the effect of the mobile phase 
and temperature on the separation of diamide diester 
and cyclic oligomers 
Rather than employing a two dimensional separation, which could be time 
consuming because of the complexity of the oligomeri c mixture, it was decided to 
investigate whether the resolution of the two groups could be obtained by al tering 
the mobile phase composition or temperature or the length of the side chain on the 
RP-stationary phase. 
5.1. Effects of solvent type on OLAs selectivity 
The separation selecti vity for the two most widely used organic modifi ers in LC, 
acetonitrile and methano l, were examined under gradient conditions, using a 
Symmetry C4 column. Although earlier (Chapter 3) it had been fo und that a water 
and acetonitrile grad ient separated the individual o ligomers, thi s eluent did not 
resolve the cyclic impuri ty oligomers and main OLA oligomers (Figure 5. 1). The 
EICs, reported in Figure 5. 1, show three dd and cyclic oligomers eluting within the 
same retention window (7.2-8.6 min). 
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Figure 5.1 : OLAs mass chromatograms and s ingle ion chromatog rams, obtained o n LC-M S: 
Therm o Finniga n L TQ, equipped with ES I so urce. Inj ection volume: 10 pi ; O LAs dd solution 
concentrati on: 1082.0 ~I g/ml ; OLA cyclic solution concentratio n: 42 J.lg/ml ; chroma tographic 
column: Sy mmetry C, ( 150 x 4.6) mm, S flm ; mobile phase A: 0.1% formic acid in water, 
mobile phase B: 0.1 % formic acid in MeCN; s tarting co nditions: 60% mob ile phase B, taken 
to 70% in 25 min a nd th en ra mped to 100% at 30 min ; LC now ra te: 0.5 ml/ min. 
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However, if MeOH was used as the organic modifier instead of MeCN, the main 
oligomers started to elute later than in MeCN, at about 12 min, leading to 
separation between OLAs and their cyclic impurities (which were still eluting 
between 6-10 min) (Figure 5.2). An oli gomeric separation was also obtained. 
~i dd~igOl1lcrs , n = 1 3 , 1 ~+ 1 5 ~~ 
: ·ii;j-.· _-1..lA,..............~' . 3~ •• • ~"",,-' ••• 
I .t.~ ... ":'''-?~''._, 
Cyclic oligomcrs, n = 6, 7 + 8 ~.:= 
Figure 5.2: OLAs mass chromatogram and single ion chromatograms, obtained on Le-MS: 
T hermo Finniga n LTQ, eq uipped with ES I source. Inj ection vo lume: 10 ttl ; OLAs solution 
containing a 50:50 mi xture of dd solution (1082.0 (lg/ml) and cyclic solution (42 (lg/ml); 
chromatographic column: Symmet ry C, (150 x 4.6) mm, 5 I'm ; mobile ph ase A: 0.1% formic 
ac id in water, mobile phase B: 0.1 % formic acid in MeO Hj starting conditions: 50% mob ile 
phase B, taken to 70% in 25 min and th en ramped to 100% at 30 min ; LC fl ow ra te: 0.5 
ml/ min. 
A similar change was reported by Jandera [92) , who ascribed the effect to different 
so lvation effects in MeOH·water and in MeCN-water mobile phases, during the 
analysis of ethoxylated surfactants. The oxyethylene groups were thought to be 
subj ected to proton-acceptor interactions with OH groups of water and methanol, 
methanol having good hydrogen bond-donating capability. These interactions were 
not possible with acetonitrile, havi ng weak hydrogen bond·accepting ability. This 
difference between methanol and acetonitrile in RP-HPLC of ethoxylated 
surfactants was also described by Rissler et af. [80-82) . 
In Figure 5.2 it can be appreciated that the chromatography exhibits a decrease in 
band spacing for the later dd oligomers. This is possibly due to the steeper later 
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gradient. Reducing its steepness could lead to an increase in resolution for the later 
components. The resolution of oligomers could also be improved, possibly to 
baseline level, by coupling two C4 columns in series. This line of work should be 
investigated in future work, if quantitati ve analysis of OLAs is required. 
It was also noticed that in the methano l-water separation (Figure 5.2), the cyclic 
sample was showing a late ' peak' , between 28-33 min. A similar shoulder is also 
apparent in the acetonitrile-water separation (Figure 5. 1) of the mixture of the two 
oligomers. MS analysis (Figures 5.3-5.5) identified these peaks as being due to 
multiply charged ions [M + nNa]n+, of very long chai n free acid OLAs (Figure 1.3) 
(Table 5. 1). These long chain ent iti es were being fo rmed during the synthesis of 
the cyclic oligomers, in which OLA polymeri sation was taken to a high level to 
enable a suffi ciently high yield [3]. 
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1.C280J07_ol. +ClCJOC_CU 933\ .g456 rn 2768·2805 AV 126 Ht 750E5 
T ITMS ' (ESI Full mJ [20000·200000] 
m. 
Figure 5.3: MS of late peaks in Figure 5.1, taken between 27.7-28.1 min. First series: 18 units 
difference ~ quadruply charged free chain ions OLAs (h ighlighted in orange in Table 5.1), 
co rresponding to oligomers 49-52. Second series: 24 units difference ~ triply charged free 
cha in ions OLAs (highlighted in green in Table 5.1), corresponding to oligomers 48-52. 
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1.'(l2e0307_Qla·C)C_7aC_C~ _ 972'·9a6' RT 28.82·2923 All: 141 NL: 82SE5 
T: ITMS + C ESI Full fill 1200 00-2000 OOJ 
m. 
Figure 5.4: MS of late pea ks in Figure 5.1, taken between 28.8-29.2 min. First ser ies: 18 units 
d ifference = quadru ply cha rged free cha in ions OLAs (highlighted in red in Table 5. 1), 
co rrespondin g to oligo mers 56-59. Seco nd series: 24 units d iffe rence = t ri ply cha rged free 
cha in ions OLAs (highlighted in lim e green in Tab le 5. 1), correspondin g to oligo mers 54-60. 
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1wtJ280J07 _ola·co,o:;JOC_C H 9903·10086 RT: 29 35·29 89 AV; $8~ NL: 616E5 
T: ITMS. e ESI Full m$1200 00·200000) 
Figure 5.5: MS of latc peaks in Figure 5.1 , taken between 29.4-29.9 min. First series: 14.4 
units difference = pent. charged free cha in ions OLAs (highlighled in pink in Table 5.1), 
corresponding to oligo mers 60-67. Second series : 18 unils difference = quadrup ly charged 
free chain ions OLAs (highlighled in mauve in Table 5.1), co rresponding to oligomers 60-68. 
Third series: 24 unils difference = triply charged free chain ions OLAs (highlighled in blue in 
Table 5.1), corresponding to oligomers 61-67. 
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Table 5.1 : Masse to cbarge ratios (mlz) of multiply cha rged ions IM + nNa l" relative to free 
acid OLAs. Masses highlighted in various colours refer to oligomer masses reported in mass 
spect ra (Figures 5.3/5.5). 
n free free acid doubly charged+2 Na triply chargcd+ 3Na quadruply chargcd+4Na pcnta chargcd+5Na 
acid +23 (7212=36) (7213=24) (7214= I 8) (72/5= 14.4) 
40 2898 292 1 1472.0 989.0 747.5 602.6 
4 1 2970 2993 1508.0 1013.0 765.5 6 17.0 
42 3042 3065 1544.0 1037.0 783.5 63 1.4 
43 31 14 3137 1580.0 1061.0 801.5 645.8 
44 3186 3209 16 16.0 1085.0 8 19.5 660.2 
45 3258 3281 1652.0 1109.0 837.5 674.6 
46 3330 3353 1688.0 1133.0 855.5 689.0 
47 3402 3425 1724.0 1157.0 873.5 703 .4 
48 3474 3497 1760.0 I I~ I () 891.5 7 17.8 
49 3546 3569 1796.0 121):" () 909.5 732.2 
50 36 18 3641 1832.0 12290 927.5 746.6 
5 1 3690 37 13 1868.0 12:"JO 9-15,5 76 1.0 
52 3762 3785 1904.0 1277 11 963 5 775.4 
53 3834 3857 1940.0 1301.0 98 1.5 789.8 
54 3906 3929 1976.0 1.125 0 999.5 804.2 
55 3978 400 1 20 12.0 I .H90 10 17.5 8 18.6 
56 4050 4073 2048.0 1173 U 10355 833.0 
57 4122 4 145 2084.0 I W70 10535 847.4 
58 4194 4217 2120.0 112 1 () 107 1 5 861.8 
59 4266 4289 2156.0 IH5U 1089.5 876.2 
60 4338 436 1 2192.0 1.t69U 1107.5 8906 
61 4410 4433 2228.0 1493.0 1125.5 9050 
62 4482 4505 2264.0 1517.0 1143.5 9 19 4 
63 4554 4577 2300.0 154 1 0 1161.5 9338 
64 4626 4649 2336.0 1565.0 1179.5 9482 
65 4698 472 1 2372.0 1589.0 11 97.5 9626 
66 4770 4793 2408.0 16 13.0 12 15.5 977 0 
67 4842 4865 2444.0 1637.0 1233.5 99 1.4 
68 49 14 4937 2480.0 1661.0 125 1 5 1005.8 
69 4986 5009 2516.0 1685.0 1269.5 1020.2 
70 5058 508 1 2552.0 1709.0 1287.5 1034.6 
7 1 5 130 5153 2588.0 1733.0 1305.5 1049.0 
72 5202 5225 2624.0 1757.0 1323.5 1063.4 
73 5274 5297 2660.0 1781.0 1341.5 1077.8 
74 5346 5369 2696.0 1805.0 1359.5 1092.2 
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Because of these results, which high! ighted the presence of long chain free acid 
molecules in the cycl ic impurity standard, there was concern over whether the 
separation recorded using the total ion cun'ent between main oligomers and cyclics 
obtained on the eN column, at critica l conditions of elution (20% aqueous/80% 
aceton itrile, 30 °C) would have shown a greater resolution if the cyclic so lution 
had not contained the long chain free acid components. 
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5.1. Effects of stationary phase on OLAs selectivity 
Having obtained a reasonable separation of cyclics and OLAs on a Symmetry C4 
column, it was decided to detennine if a higher resolution could be obtained using 
a longer bonded alkyl chain. The separation was then repeated on an Eclipse Cs 
column using a water and methanol grad ient. 
Aga in the cyclics were eluted before the OLAs, as shown in Figure 5.6: 
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Figure 5.6: OLAs dd and cyclics mass chromatogra m, obtained on Le-MS: Thermo Finnigan 
LTQ, eq uipped with ES I source. Inj ection volume: 10 ~tl ; OLAs solution containing a 50:50 
mixture of dd solution (1082.0 " g/ml) and cyclic solution (42 " g/ml) ; chromatographic 
column : Eclipse Cs (150 x 4.6) mm, 5 "m; mobile phase A: 0.1 % formic acid in wa ter, mobile 
phase D: 0.1 % formic acid in MeOH ; sta rting conditions: 50% mobile phase D, taken to 70% 
in 25 min and then ra mped to 100% at 30 min ; Le fl ow rate: 0.5 ml/min. Cyclic oligomers 
circled in different colours, each circle represents an oligomer; red co rresponds to n =6, green 
corresponds to n = 7, blue corresponds to n = 8, pink corresponds to n = 9 and ora nge 
corresponds to n = 10). 
Overall the Cs column was more retentive than the C4 column. The cyciics eluted 
between 12-23 min (6-10 min on C4 column); dd o ligomers started to elute at 
about 24 min on the Cs column and at about 12 min on the C4 column. 
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However, the main dd oligomers lost their clear oligomeric resolution (Figure 5.6), 
possibly because they were being eluted with a higher concentration of methanol at 
a later stage of the gradient profile. MS analysis confinued the presence of about 3 
o ligomers in each chromatographic peak (Figure 5.7). This suggested that fl atter 
gradient would be preferable. In polymers/oligomers gradient elution is typically 
observed that small changes in mobile phase composition have a large effect on 
retention. 
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Figure 5.7: EICs of OLAs, obtained on LC-MS: Thermo Finnigan LTQ, equipped with ESI 
source. Injection volume: 10 fll ; OLAs solution containing a 50:50 mixture of dd solution 
(1082.0 fig/ml) and cyclic solution (42 flg/ml); chromatographic column: Eclipse C, (150 x 4.6) 
mm, 5 Jlm ; mobile phase A: 0.1% formic acid in water, mobile phase B: 0.10/0 formic acid in 
MeOH; starting condit ions: 50% mobile phase B, taken to 70% in 25 min and then ramped 
to 100% at 30 min ; LC now rate: 0.5 mllmin. Dd oligomers n = 16 (1347) and n = 17 (1419) 
eluting at very close retention values. 
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The separation of the cyclic material, on the other hand, showed an increased 
number of peaks (Figure 5.6). MS analysis (Figure 5.8) showed that 3 or 4 
chromatographic peaks had the same mass, which was interpreted as the result of 
separation of diastereoisomeric cyclic compounds with the same number of 
oligomeric units, formed from the racemic mixture of lactic acids used as starting 
material for the production of OLAs and cyclic oligomers. 
RT 000 3500 SI.!. 18 
". 
Time (min) 
~ LJ 
". I,62E5 
... 
• 50(,5Q. 
_5550 MS 
100220307_ 
IIPLC_C&'oI 
eOH_qc • 
.. 
Figure 5.8: OLAs EIC, obtained on LC-MS: Thermo Finnigan L TQ, equipped with ESI 
source. Injection volume: 10 1'1; OLAs solution conta ining a 50:50 mixture of dd solulion 
(1082.0 I'g/ml) and cyclic solution (42Ilg/ml); chromalographic column : Eclipse C, (150 x 4.6) 
mm , S Jlm ; mobile phase A: 0.1 % formic acid in water, mobile phase B: 0.1 0/0 formic acid in 
MeOH ; starting cond itions: 50% mobile phase B, taken to 70% in 25 min and then ramped 
to 100% at 30 min; LC now rate: 0.5 ml/min. Same cyclic o ligomer (455, n = 9) with different 
retention values. 
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5.2. Effects of column temperature on OLAs selectivity 
Because it was desirab le to achieve a good resolution, the effect of temperature 
changes on the retention of OLAs in water/methanol mobile phase was examined 
using a Symmetry C4 column. The temperature was gradually increased from 30 to 
70 °C and OLAs diamide diester (dd) and cyc lic solutions were injected as a 50 :50 
mixture. 
The chromatogram for the separation at 40°C (Figure 5.9) showed cyclic 
oligomers eluting between 6-14 min and main oligomers eluting between 14-28 
min . MS data analys is (Figure 5. 10 and Figure 5.11 ) confirmed that cyclics eluted 
in front of main excipients. 
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Figure 5.9: OLAs mass ch ro matogram, obta ined on Le-MS: Thermo Finnigan L TQ, 
eq uipped with ES I source. Inj ection volume: 10 fil ; OLAs solution containing a 50:50 mixture 
of dd solution (1082.0 fig/m I) and cyclic solution (42 fig/m I); chromatographic column: 
Symm etry e, (150 x 4.6) mm , S flm ; mobile phase A: 0.1 % formic acid in water, mobile phase 
B: 0.1 % formic acid in MeOH; sta rting conditions: 50% mobile phase B, taken to 70% in 2S 
min a nd then ramped to 100% at 30 min ; Le flow ra te: 0.5 ml/min. column temperature: 40 
'c, 
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Figure 5.10: OLAs Eles, obtained on Le-MS: Thermo Finniga n LTQ, eq uipped wit h ESI 
source. Inj ect ion volume: 10 fil ; OLAs solution contai ning a 50:50 mixture of dd so lution 
(1082.0 flg/ml) a nd cyclic solution (42 fig/m I); chromatographic column : Symmet ry e, ( 150 x 
4.6) mm , 5 ~Im ; mobile phase A: 0.1 % formic acid in water, mobile phase B: 0.1 % formic acid 
in MeOH; start ing conditions: 500/ 0 mobile ph ase B, taken to 70% in 25 min and th en 
rampcd to 100% at 30 min ; Le now rate: 0.5 ml/min. column temperature: 40 DC. Cyclic 
oligomers 6, 7 and 8. 
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Figure 5.11: OLAs EICs, obtained on Le-MS: Thermo Finniga n LTQ, equi pped with ES I 
so urce. Injection volum e: 10 J.lI ; OLAs solution containing a 50:50 mixture of dd solution 
(1082.0 " glml) and cyclic solution (42 " glml); chromatographic column: Sy mm elry C, (150 x 
4.6) mm, 5 ~lm ; mobile phase A: 0.1% formic acid in water, mobile phase B: 0.10/0 formic acid 
in McOH ; starting conditio ns: 50% mobile phase D, taken to 70 % in 25 min and th en 
ra mped 10 100% al 30 min; LC now rate: 0.5 rn llmin. column lemperalure: 40 °C. Dd 
oligomers 14, 15 and 16. 
On increasing the temperature, the retention times decreased, for both cyc\ics and 
dd, (70°C, Figure 5.12), where cycl ic oligomers eluted between 5-1 I min and main 
oligomers eluted between 11- 24 min. The chromatography obtained at 70°C also 
had sharper peaks than the chromatography obtained at 40°C. 
- 184 -
Chapter 5 
lilT 000 . noo S Od 78 
o S7 1:J!1 J 21 
The effect of the mobile phase and temperature on the separat ion of dd and eyes 
. 7J7 
.80a 
dd 
~ "" 
TIm e /mini 
21 .'0 
"' 10'11:7 
8 . .. P .. ~ 
~ 
1.CJ280l07 
_0'.' 7'J OC_C 
Figure 5.12: OL ass chromatogram, obtained on LC-MS: Thermo Finniga n LTQ, 
eq uipped with ESI so urce. Injection volume: 10 ftl ; OLAs solutiou containing a 50:50 mixture 
o f dd solution (1082.0 flg/ml) and cyclic solution (42 flg/ml); chromatographic column: 
Symmetry C, (150 x 4.6) mm, S flln ; mobile phase A: 0.1% formic acid in water, mobile ph ase 
8: 0.1 G/o formic ac id in MeOH j start ing conditions: 50% mob ile phase B, ta ken to 70 % in 25 
min and then ramped to 100% at 30 min ; LC fl ow rate: 0.5 ml/min. Column temperature: 70 
'c. 
Overall , the temperature studies carried out (on butyl bonded column materia l with 
an aqueous/methanol eluent) did not lead to signifi cant selectivi ty changes, but 
higher temperatures gave sharper peaks and decrease retention values. 
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5.3. Conclusions on the use of different organic modifiers 
This study suggested that resolution of the head group distribution and the 
oligomeric di stribution of OLAs could be approached in a single chromatographic 
dimension. The Symmetry C4 column with an aqueous/methanol mobile phase 
achieved separation between OLA dd and their cyclic impurities and increasing the 
temperahtre from 30 to 70 °C provided a sharper chromatography. 
An Eclipse Cs column with an aqueous/methanol mobile phase enabled the 
diastereoi someric separation of the cyclic impurities. However, a longer C4 
co lumn (250 mm rather than a 150 mm) could possibly lead to a higher resolut ion 
of OLAs o ligomers, making a C4 material a better choice than a Cs column. 
Furthermore, it would be advisable to use a shallower eluent gradient, in order to 
improve the resolution of the later dd oligomers. 
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6. Conclusions and future work 
This study has demonstrated for the first time the full characterisation of OLAs 
(ethylene bis (propionyl oligo lactyl amide), n= 10). RP-HPLC coupled to MS 
provided the selectivity required to simultaneously resolve OLAs and their cycl ic 
process impurities, in terms of chain size and head groups. 
The analysis of OLAs in reversed-phase LC, on a C6 column, acetonitrile/water 
mobile phase, with temperature ranging from 30 to 75 °C, led to a separation based 
on chain length di stribution. MS data showed earl ier elution of low molecular 
weight chains, followed by elution of higher molecular weight chains. The 
increase in temperature caused a decrease in peak retention and a sharpening of 
peaks. The elution order was left unaltered by temperature increase. 
Thermodynamic data analysis led to a theoretical compensation temperature (i.e . 
temperature at which LCCC are reached), Tc = 107 °C. 
The retention behaviour of OLAs in n0n11al phase LC, on an amino column and 
acetonitrile mob ile phase (with temperature ranging from 30 to 80°C) and on a 
silica column and THF mobile phase (with temperature ranging from 30 to 55°C), 
was very different from RP-HPLC. The separation of the oligomers according to 
chain length was suppressed, resu lting in one single peak. Temperature variation 
marginally affected OLAs retention in NP-HPLC: an increase in temperature 
caused a decrease in retention time of OLAs (on the amino co lumn, retention 
varied from approx. 5.9 min, at 30°C to 5.4 min at 80°C, which corresponds to 
about 0.5 min for a 50°C variation; on the silica column, retention varied from 
approx. 3.7 min, at 30°C to 3.4 min at 55°C, which corresponds to abo ut 0.3 min 
for a 25°C variation). The MS data for the chromatographic system that employed 
the amino column identified the various oligomers of the diamide diester 
component. The longer oligomers eluted in front of the shorter oligomers, 
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indicating a NP retention mechanism. Temperature did not change the elution 
order of the oligomers. 
Although the amino and cyano columns proved to be both selective, with respect 
to OLAs analysis, different retention behaviours were exhibited by the two 
adsorbents. The Spherisorb amino stationary phase exhibited typical HILlC 
behaviour: decreasing retentions were observed with increasing aqueous content in 
mobi le phase. Additionally, the MS data showed an elution order of longer 
oligomers (less polar) first, fo llowed by shorte r oligomers (more polar). The 
retention mechanism was based on polarity, ind icating NP environment. 
The cyano column provided a HILIC environment when less than 10% ammonium 
formate was present in the mobile phase, (retention values decrease when 
increasing mobile phase aqueous content). The cyano column behaved as a RP-
HPLC column when the mobile phase contained more than 10% ammonium 
formate (retention values increased on increasing mobile phase aqueous content) . 
Additionally, the MS data showed a change in elution order of the vanous 
oligomers. The typical elution, based on polarity, of longer oligomers first, 
observed at low aqueous content (and indicating NP environment) 'switched ' to an 
elution of shorter oligomers first, observed at higher aq ueous content (and 
indicating RP environment) . The exact mobile phase composition (20% SO mM 
ammonium formate/80% MeCN) that led to cri tical conditions of elution on the 
cyano column was also established. 
It can also be concluded that resolution between main oligomeric components and 
cyclic impurity was higher on the cyano than on the amino column, when 
aqueouslMeCN was used as mobile phase. 
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A mobile phase of n-hexane and acetonitrile, on either amino or cyano stationary 
phases did not contribute to critical conditions of elution for OLAs. Variations in 
concentration ofn-hexane in the mobile phase did not provide a trend in the OLAs 
retention behaviour, neither on the cyano, nor on the amino materials. 
However, none of the chromatographic systems investigated (in HILIC or in NP-
HPLC) provided a baseline resolution between the main oligomers and the cyclic 
peaks. 
The results suggested that a 2D system could be feasible; employing a 
combination of two orthogonal and compatible separation systems (RP-HPLC 
mechanisms in the first dimension for oligomeric resolution and LCCC in the 
second dimension for resolution of the head group distribution) would lead to 
base-line resolution between cyclics and OLAs oligomers. Salt concentration did 
not have major effect on the eluting strength of MeCN, for OLAs on a Zorbax 
cyano material. Water and ammonium formate showed similar effects on the 
retention of OLAs on a Zorbax cyano column. This study confirmed the 
chromatographic conditions for which NP retention behaviour changed to RP, 
passing through CC. 
However during a study to enhance the separation of the oligomeric mixture it was 
found that methanol and acetonitrile, in RP-HPLC were responsible for different 
selectivity separation of OLAs. Methanol/water led to separation between OLAs 
dd excipient and their cyclic impurity. Such separation was not observed in 
acetonitrile/water. An improved solvation of OLAs head-groups, due to proton-
acceptor interactions between the head-groups and OH groups of methanol could 
be responsible for the observed selectivity change. The resolution of oligomers 
could be improved, possibly to baseline level, by coupling two C4 columns in 
series. This line of work should be further investigated, if quantitative analysis of 
OLAs will have to be undertaken. A convex gradient might also be desirable in 
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which the rate of organic increase is reduced as the elution continues to improve 
the separation of the higher oligomers. 
Such a single dimension separation would be preferable to the mechanical 
complexities of a 2D comprehensive separation and the added data handling 
difficulties. Throughout the study of the components of the 2D system there was 
always a complexity because of the incompatibility of the mobile phases used for 
the two dimensions. However, a single dimension analysis might still have 
difficulties resolving other components of the mixture, although with the increase 
in the power and reduction in costs of LC-MS using MS as the second dimension 
in the separation could lead to a full component analysis and it could for example 
readily resolve the free acids and amide by using negative and positive ionisation 
APClmodes. 
Further analytical work on the determination of the OLAs should also include the 
cleaning up of the cyclic standard. Solid phase extraction could be employed to 
isolate the long chain free acid components present with the cyclic impurities, 
making the cyclic chromatography free of interfering peaks. 
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Figure 1 b: MS offraction 1 
Possibly we see a cyclic with n= 13 (13 x 72= 936) which has lost a cleaved monomer 
(936+44= 980), which has lost a (H+OH) group, (980+ 18= 998) 
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Figure 2b 
This fraction could contain a cyclic with n= 14 (14 x 72= 1008), which has lost a 
cleaved monomer and a (H+OH) group, (1008+ 18+44= 1070). 
Also, it could contain a cyclic with n= 11 (11 x 72= 792) which has lost a cleaved 
monomer and 2 protons (792+44+2= 838). 
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In this fraction we have three different oligomers, with n= 10 (910-18-172= 720; 
720:72= 10); n= 9 (666-18= 648; 648:72= 9) and n= 8 (594-18= 576; 576:72= 8). 
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In this fraction we have the oligomers n= 9 (666), n= 10 (738) and n=11 (982-18-
172= 792; 792:72= 11). 
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Figure Sb: MS of first peak shown in figure Sa 
This part of fraction S still contains the units n= 10 (738) and n= 11 (982) 
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Figure 5c: MS of second peak shown in figure 5a 
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This part of fraction 5 has oligomern= 12 (1054-18-172= 864; 864:72=12). 
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We can still see monomer n=11 (810-18= 792; 792:72= 11) and n=12 (1054) 
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Figure 6c 
We can see monomer n=13 (1126-18-172= 936; 936:72= 13). 
Fraction 7 
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We can see monomer n=12 (1054-18-172= 864; 864:72= 12). Doubly charged species 
624 is also present (624 x 2= 1248; 1248-18-172= 1058, protonated 1059). 
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Figure 7c 
We can see monomern=13 (1126-18-172= 936; 936:72= 13). 
Fraction 7 
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Figure 7d 
We can see monomer n=14 (1198-18-172= 1008; 1008:72= 14). Doubly charged 
species 591 is also present (591 x 2= 1182). 
Fraction 8 
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Figure 8b 
We can see rnonorner n=13 (1126-18-172= 936; 936:72= 13). Doubly charged species 
638 (638 x 2= 1276; 1276+57+57+18+18=1126). 
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We can see monomer n=14 (1198-18-172= 1008; 1008:72= 14) and doubly charged 
species 591. 
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Figure 8d 
We can see monomer n=15 (1270-18-172= 1080; 1080:72= 15) and doubly charged 
species 627 (627 x 2= 1254). 
Fraction 9 
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Figure 9b 
We can see monomer n=15 (1270-18-172= 1080; 1080:72= 15) and doubly charged 
species 627. 
Fraction 9 
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Figure 9c 
We can see monomer n=16 (1342-18-172= 1152; 1152:72= 16). Two doubly charged 
species: 663 (663 x 2= 1326, protonated to give the fragment 1327) and 671 (671 x 2= 
1342). 
Fraction 10 
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We can still see monomer n=15 (1270-18-172= 1080; 1080:72= 15). 
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We can see monomer n=16 (1342-18-172= 1152; 1152:72= 16) and doubly charged 
ions 663 (663 x 2= 1326) and 671 (671 x 2= 1342). 
Fraction 10 
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Figure 10d 
We can see monomer n=17 (1414-18-172= 1224; 1224:72= 17) and doubly charged 
species 699 (699 x 2= 1398) and 707 (707 x 2= 1414). 
Fraction 11 
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Figure llb 
We can see monomer n=17 (1414-18-172= 1224; 1224:72= 17) and doubly charged 
species 699 (699 x 2= 1398; 1398+18= 1416) and 716 (716 x 2= 1432; 1432-18= 
1414). 
Fraction 11 
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Figure lIe 
We can see monomer n=18 (1486-18-172= 1296; 1296:72= 18) and doubly charged 
species 735 (735 x 2= 1470) and 752 (752 x 2= 1504; 1504-18= 1486). 
Fraction 12 
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Figure 12b 
We can still see monomer n=18 (1486-18-172= 1296; 1296:72= 18) and doubly 
charged species 735 (735 x 2= 1470), 771 (771 x 2= 1542) and 779 (779 x 2= 1558). 
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Figure 13b 
We can see monomern=19 (1558-18-172= 1368; 1368:72= 19) and doubly charged 
species 771 (771 x 2= 1542) and 788 (788 x 2= 1576; 1576-18= 1558). 
Fraction 14 
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Figure 14b 
We can see monomern=20 (1630-18-172= 1440; 1440:72= 20) and doubly charged 
species 807 (807 x 2= 1614, protonated to 1615), 815 (815 x 2=1630) and 824 (824 x 
2= 1648; 1648-18= 1630). 
Fraction 15 
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We can still see monomer n=20 (1630-18-172= 1440; 1440:72= 20) and doubly 
charged species 815 (815 x 2=1630) and 824 (824 x 2= 1648; 1648-18= 1630). 
Fraction 16 
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Figure 16b 
We can see monomers n=21 (1702-18-172= 1512; 1512:72= 21) and n= 22 (1774-18-
172=1756; 1756:72= 22). The following doubly charged species are observed: 851 
(851 x 2= 1702) and 860 (860 x 2=1720; 1720- 18= 1702). 
Fraction 17 
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Figure 17b 
Monomer n= 22 is still present (1774-18-172=1756; 1756:72= 22). The following 
doubly charged species are observed: 879 (879 x 2= 1758; 1758 + 18= 1776, 
protonated to 1777),887 (887 x 2=1774) and 898 (898 x 2= 1796, deprotonated to 
give 1795). 
Fraction 18 
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Monomer n= 22 is still present (1774-18-172=1756; 1756:72= 22). Also, monomer n= 
23 is present (1846-18-172=1656; 1656:72= 23).). The following doubly charged 
species are observed: 896 (896 x 2= 1792; 1792 - 18= 1774),915 (915 x 2=1830), 923 
(923 x 2= 1846) and 932 (932 x 2= 1864; 1864-18= 1846). 
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Monomer n= 23 is shown (1846-18-172=1656; 1656:72= 23). Doubly charged 
species: 923 (923 x 2= 1846) and 932 (932 x 2= 1864; 1864-18= 1846). 
Fraction 20 
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Figure 20b 
Monomer n= 24 is shown (1918-18-172=1728; 1728:72= 24). Doubly charged 
species: 951(951 x 2= 1902, protonated to 1903), 959 (959 x 2=1918) and 968 (968 x 
2=1936; 1936-18= 1918). 
Fraction 21 
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Figure 21b 
Monomers n= 24 and n= 25 are shown (1918-18-172=1728; 1728:72= 24); (1990-18-
172= 1800; 1800:72= 25). Doubly charged species: 951 (951 x 2= 1902; 1902+ 18= 
1920),960 (960 x 2=1920) and 968 (968 x 2=1936; 1936-18= 1918). Also, 987 (987 
x 2= 1974; 1974+18= 1992), 996 (996 x 2= 1992) and 1004 (1004 x 2= 2008; 2008-
18= 1990). 
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Figure 22b 
Monomer n= 25 is still seen here (1990-18-172= 1800; 1800:72= 25). 
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